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Notice

litis is not an offiial policy and standards document. The opinions, findings, and
conclusions are those of the authors and not necessarily those of the Environmental
Protection Agency. Every attempt has been made to represent the present state of
the art as well as sUbject areas still under evaluation. Any mention of products or
organizations does not constitUte endorsement by ihe United States Environmental
Protection Agency.
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Availability of Copies of This Document

This document is issued by the Manpower and Technical Information Branch, Con-
trol Programs Development Division, Office of Air Quality Planning and Standards,
USEPA. It was developed for use in training cdurses presented by the ETA Air Pollu-
tion _Training Institute and others receiving contractual or grant 4ipport from the
Institute. Other organizations are welcom to use the dOcument for t ining purposes.

-Schools or governmental air pollution control agencies establishing training programs
may receive single copies of this document, free of charge, from the Air Pollukion
Training Instit'ute, USEPA', MD-20, Research Triangle Park,14C 2.7711:pthers may
obtain copies, fc% a fee, from the National Technical Informaticin Service, 5825 Port.;
Royal Road, Springfield, VA 22161.
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Alit POLLUTION TRAINING INSTITUTE
MANPOWER AND TECHNICAI. INFORMATION BRANCH

I CONTROL PROGRAMS DEVELOPMENT DIVISION ,
OFFICE OF AIR QUALITY PLANNING AND STANDARDS

The Air Pollution Training In.stitute-(1) conducts training /or personnel working on the develop
ment and improvement of state, and local governmental, and EPA air pollution control programs.
as well as for personnel in industry and academic instuution,s, (2) provides consultation and other
training assistance to governmental agencies, educational institutions, industrial organization.s, and
others engage4 in air pollution training actsvni 3, and (3) prornples the development and improvef
meat of air pollution training programs in edu atiOnal institutioni arissi state, regional, and local
governmental air pollution control agencies Much of the program iS now conducted bv an On site
contractor, Northrop Services, Inc..
One of the principal mechanisms utilized to meet the' Ilestrtute'3 goals us the intenszve short term
technical training course. ATull-tirne professional staff responsible' for the design, development,

. .

and presentation of these courses. In addition IV services Qf scientists, engineers, and specidish
from other EPA programs governmental agencie.s, industries, and universities are used to augment
and rewforce the Institute staff in the development and presentation of technical material

1Ind vidual course objectives and desired learning outcomes are delineate& to meet specific program
needs through training. Sithject matter areas covered include air pollution source .studies, atmos-
pheric dispersion, anei air quality management. They courses are Pre.sented in the Institute's re.si-
dent classrooms and laboratories and at various fielerloCations

RI Alan Schueler
PC- ogram Manager
Northrop Services, Inc.

.,/

'J.4_
/James A. fah e

Technical D ,rector
Northrop Services, Inc.

JeanJ. chueneman
.,Chief, Manpower it Technical

Information Branch
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A. INTROQUCtON

This notebook cOntains the basic materials for use by the 6ourse modera-

46r and lecturers teaching "Combustion Evaluation in Air Pollu-
N,

tion Control." Among the materials included are:

Course,goals
. ig

Instructional obje tives
Course descriptio,and ag enda

Course prerequisite skills .
,

Intended student population .

General discussion about course presentation
List of text and other handout materials
Pretest and post-test with answers

P Class problems and homework assignments
Lesspn plans for each agenda item

The lesson plans include:
i _1

Lesson title, number, and time required
Lesson goal and objectives
Student prerequisite skills
Level of instrugtion' ,

Intended students' profeisional background
List of support materials and equipMent
Special instructions (if any
List of key references 4

ist of slides

on questiOns
i

sson content outline keyed to slide and student manual
DiscusA

f

Nr.
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B. GOALS

FOR COMBUSTION EVALUATION IN-AIR POLLUTION CONTROI],

AIR POLLUTION TRAINING INSTITUTE COURSE NO. 427
A

The goals of Combustion Evaluation are to provide enginbers, other tech-
nicak and regulatory officials, and others with the knowledge of funda-
mental-and applied aspects of combUsfion, as well as an overview of the
state-of-the-art of combVstion technology as it relates to air pollution
control work. This knowledge will improve the ability of the partici-
pants to perform their Work with combustion-related air pollution prob-
lems: evaluating actual and potential emissions from combustion sources,
performing engineering inspections, and devqaoping recommendations to
improve the performance of malfunctioning combustion equipment.

In order to achieve these goals, the participants will be taught to
perform Calculations typical of those required for Combustion Evalua-
tion.

Emphasis will be placed.on those combustion sources and control devices g

which are frequently encountered 'by engineers, including selected:

1. Combustion sources burning fossil fuel to generate steam
or "direot heat,

2. Combustion sources burning liquid and solid waste, and ,

3. Pollution control devices which utilize combustion fOr the
control of gaseous and aerosol pollutants.

At the conclusion of this course, the participants will be familiar with
combustion principles and with t.14 more important design and operational
parameters which influence the air pollution emissioni from typical com-:
bustion sources.* Turthermore, they will be able to perf2rm selected
fundamental calculations related to emissions quantities and requirements
for complete combustion. The participants will understand some of tk
more important meChanisms ly which trace species are formed in and endt ted

y stationary combustion processes. The participants will understand the
aye in which certain.design and operation variables may be employed Ao

nitninaze emissions:'

TO achieve the maximum benefit frOm this course, participants should
possess some engineering or scientific background.

Ir\,

I .)
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C. INSTRUCTIONAL OBJECTIVES'FOR

COMBUSTION EVALUATION IN AIR POLLUTION CONTROL
I

1. Subject: Introd ction to Combustion Evaluation in Air Pollution
Control

Objective: The student will be able to:

a. identify three major goals of Combustion Evaluatjw4n Air
Pollution Control;

-

b. list four of the subject areas which will be emphasized in the
corse (fundamentals of combustion, fuel properies, combus-
tion system design, emission calculations, various combustion
.equipment topics, NOx control);

c. present two reasons for applying the fundamental concepts of
combustion When trying to solve combustion evaluation prob-
lems in air olluticyicontrol

d. list three of the iLportant air pollutant'emissions wich may
be limited by combustion control.

2. Subject: Fundamentals of Combustion

Objectiv4: _The student will be able to:

a.. use the basic chemical equations for combustion react ns,

with or without excess air4 to calculate air requirements
and the quantities of coMbAtion products;

b. apply tlif ideal gas law to determne volumetric relationships
for typical combustion situations;

c. distinguish betwden different types of combustion as char-
actprized by carbontc.theory (y9llow flame) and hydroxyla-
tion'theory (blue flame);

define heat of,pombustion, gross and net heating values,
available heat, hypothetical available heat, senSible heat,
latent heat, and heat content;

,

e. determine the available heat obtained from burning fuels

t
at"Idifferent fl e gas exit temperatures and with Various
amounts of exce s air, using generalized correlations;

3
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fuels burn;

list the four items necessary for efficient combustion;

h. descr i be guali tat ively t he int or re lat ionships bet %%leen t i me ,

temperature, t.turliulence, and oxygen Yequired for proper com-

bustion of a given fuelyot,

i. recite the conditions for equilibrium;

j. describe how an excess quantity of one reactant will affect
other concentrations at equilibrium;

k.. cite thellexpression for the rate of reaction;

1. identify the Arrhenius'equation as a model for the influence
of temperature on combustion rate;

m. define the activation energy;

n. describe the mechanism of catalytic activity; and

o. list the reasOns for the deterioration of catalytic activity.

3. Subject: Fuel Properties

.00

Objectives: The student will be able to:

a. 'State the important chemical-properties whictiinfluence air

pollutant emissions; 4

b. use tbe tables in the student- manual to find representative

values for given fuel properties;

c. describe the differenm in physical features which limit the
rate of combustion for gaseous, liquid, and solid fuels;

4 4

d.- explain theAmPortance of fuel properties such as flash point
and upprapd lower flammability limits which relate to safe
operation of combustion installations;

e.use either specific or API gravity to determine the total
heat of combustion of a fuel oil;

f. describe the influence of variations in fuel oil visco4ty
on aroplehtSarmation\and on completpness of combustion And

emisSions;. A

g. liSt th aiportant compohents in th'e proximate and 'ultimate

--analyses; 'VA

.;' .

4
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h. dcilhu "as iiLcd," "dt Ic-civcd," "mol:Anlo tree," and "dly
basis" as they apply,to the chemical analysis ofrtolid fuels;
and

i. explain the significance of ash fuslon temperature and Caking
index in the burning of coal.

4. Stibject: Combustion System Design

/

, 'Objective: The student should be able to:

a. dessIibe the relationship between energy utilization, furnace
heartransfer, and excess air as means of furnace temperature
control;

b. understa"nd the limits which may be imposed by thermodynamic
laws and how these limits dictate choice of energy-recovery
devices following the furnace; and

c. calculate the energy required from fuel to meet an output
energy requirement. .

5. Subject: Pollution Emission Calculations

Objective: The student shoul4 be able to: 4

a. describe.the nature and origin of most of the published"emis-
sion factors and state what is necessary for more precise
estimaees of emissions from a specific installation with
specifilipd design features;

b. apply the proper method for using emission factors to deter-
mine estimates of emissions from typical combustion sources;

c. define and distinguish between concentratipm stansdards (Cvs
and Cms), pollutant mass rate standards (PIARs), and proc ss

( standards (Es);
,

. use average emission factors to estimate'the emissions from

(91

typical combustio6 installations;

e. ,calculate the,degree of control required for a given,sOurce
to.be brought into cvmpliance with a given emission standard;

f. perform calculations using the relationships between anti-
cipated SO2 emissions and the sulfur content ot liquid and
solid fuels;

.

identify the proper equation for computing
an drsat analysis of the flue gas of a-co
fion;

I

.

cess air from
ustion installa-
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excess air;

i.. identify and use the proper factors for coric,ctinu field
measurements h) a r;tandard kisis, uch as 50% excess air,

12% CO2, and 6%13 r.
2

and
(

j- use F-factors to estimate emissions from a combusti.on source.

6. Subject: Combustion Control and Instumentation

Objective: The Student will be able to:

a. list the important variables (steam pressurk, steam flow
rate, gas temperature) which may serve as tlhe controlled

variables used to actuate fuel/air controls for combustion
systems;

b. describe the primary purpose°6f a control system which is'

to,maintain combustion efficiency and thermal states;

c. understand the interrelationships between varying load
(energy output) requirements and both fuel/air flow and

excess air;

22

d. idepti..fy instrument readings indicating improper combustion

or energy transfer; and

e. describe -the influence of excess air (indicated by 02 in

stack gases) on the boiler efficiency, fuel rate, and eco-

nomics of a particular boiler installation.

7. %Subject: Gaseous Fuel Burning'

a

Objective: The student will be able to:

a. describe the functions of the gas bukner;

b.,. define pre-mix and its influence on the type of-flame;

c. list burner design features and how these affect the limits

r. of stable flame operating region;

d. 'name four different typ'es of gas burners and their special

design features;

e. cite typical gas furnace, breeching and stack operating
temperatures, pressures, and.gas flow velocities;

-

f. describe the relationship between flue gas analyses and the-

air-to-fuel ratio;

6



g. list the causes and de!...tibe the signs.of malfunctioninq
gas-burning devices; and

, .

h. describe techniqueg used-to correct a malfunctioning gas-
burning device.

6. Subject:, Fuel Oil Burning

M

Objective: The student will be able tO:
,

.N; a. dscribe the important design and emission characteristics
oil burners using air, steam, mechanical (pressure), and

A
ro ary-cup atomization;.

el

b. describe the i.nfluence of temperature on oil viscosity and
atomizatitm;

fl LI > ). Y, . p. N.,. .
c. describe how vanadium and sulfur content-in fuel oil influ-

ence furnace corosidn and air pollution emissions;

d. Weribe burner nozzle maintenance and its ihfluence on air
pollutant emissions from oil combustion installations; and

e. locate and use tabulated values of oil fuel propgrties and
pollutant factors to compute unconitrolled emissions from
oil-burning sources

9. Subject: Direct-Flame and Catalytic Incineration

Objective: Thistudent will be able to:

,

a. cite examples of air pollution sources where direct-flame
and catalytic afterburners are used to control gaseous
emissions;

b. describe the influence of temperature on the residence time
required for proper opera'tion of afterburners;

c. appfly fundamental combustion cal4ations to determine the
auxiliary fuel required for direci-llame-and catalytic
incineration with and without energy,recovery;

.a. perform the necesiary calculationsto deterline the proper
physical dimensions of an 'afterburner for a specific appli-
cation;\

e. list three reasons for loss of catalytic activity and ways,
of preventing such loss; and

f. cie methods available for reducing afterburner operating
-costs.

Its
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10.' ;;ubject : Coal Burning

Objective: The student will be able to:

a. describe the design characteristics and operating practice
of coal burning equipment, including overfeed, underfeed,
and spreader stokers, as well as pulverized and cyclone fur-
nacest-.

b. discuss the parameters that influence th $1! design of overfire
and underfire air (in systems which burn coal on grates)
and for primary and secondary air (in systems which burn
coal in suspension);

,

c. describe the influence of tEle amount of volat.jileimatter and
fixed carbon in the coal oh kts proper firin in a giVen

V furnace design;..and

'
, i-

d. describe how changing the ash content and the heating value
of coal ca4 influence the cdti tiibUSOn as Well.--AStheapacttsc------------ :-----

of a speci 'ed steam generator.

11. Subject: . Solid Waste and Wood Burning

Objective: The sX.udent will be able to:

a. list the important similarities and differences in both the
physical and chemical properties of solid waste, wood waste,
and coal;

b. describe the mechanical configurations required to complete
combustion of solid waste and wood waste and compariiwith
those for burning.coal; and

c. describe the unique combustion characteristics and emissions
from burning unprepared solid 'waste and refuse-derived fuel.

12. Subject: Controlled-Air Incineration

Objective: The student will be able to:

a. describe the combustion principles and pollution emission
characteristics of controlled-air incinerators contrasted
with those of single and multiple-chamber designs;

b. identify operating features wl;ich may cause moke emisSion
from controllbd-air incinerators; and

1
c. relate the temperature of gases leaving the afterburner to

the amowit of auxiliary fuel needed by the afterburner.

8
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1 1. Subject : Combust ion of Haz.li dons Mist es

Objective: The student will be able to:
0

'a. cite special requirements associated with the combus.t ion of
hazardous liquid apd solid wast40;

b. gcite the special requirements for treating the combustion
products to control pollutant emissions from incineration
operations;

, c. -list examples of substances and/or elements whicOcannot be
controlled by incineration;

d. describe the fuel requirements hecessary to dispose hazard-
ous waste materials; and

e. list a number of hazardous waste materials (including poly-
chlorinated biphenyls PCB'S pesticides-, and some othe'r,

,
. halogenated largarticg) wnich mAy be dispOSed of Sticcettfully

through proper liquid incineration devices; give the required
temperatures and residence times to achieve adequate destruc-
tion.

14. Subject: NOx Control

Objective: The studept wi.11 be able to:

identify three of the major stationary sources of NOx emis-
sions;

'b. locate and.use emission factors to estimate the amount of
NOx emitted by a potential combustion source;

c. describe the difference between mechanisms for forming
"Thermal NOx" and "Fuel NOx";

d. describe various teckwiques for NOx control: flUe-gas
recirculation, two-staqp combustion, excess airlcontrol,
catalytic dissociation, wet-scrubbing, water injection, and
reduced.fuel burning rate; and

e. :state the amount of NOx control aVailable from particular
examples-of combustion modification,

15. Subject: Improved CoMbustion through Design Modification

Objective: The student will be.'- le to:

a. state the,benefit$ of propW maintenance and adjustment of
residential oil-combustion units;
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1). I i !it t ht (4 imp)! t ant 1,.11 (s!; t () chock (.111/ i t in./ in

tenance of commeircial oi 1-f i red btu n1, rs ;

c. discuss the differe4:e between "minimum 02" and "lowest
pr#ctical 02" and wily thesy are important in industrial
boilers;

d. list two reasons why a burner Noy have a higher "minimum
02" level than the typical value; describe what remedies
may be available;

e. indicate the effect of the combustion modification techniques
on thermal efficiency:I lowering excess a4r, staged-air com-
lAistion;_reduced dbmbustion-air preheat, id flue-gas recix-
yulation; and

f. dismiss why NOx.control from coal-fired utily boilers is
more difficult to achieve than from similar oil or gas'units.

16. Subject: Waste GA's Trares, (Optional)

Objective: student will be able to:

4.

a. calculate the carbon-to-hydrogen ratio of a waste-gas stream.
and determine when and how much steam will be required for
smokeless-:flare operation; ,

. .

. c

b. Linderstanethe,difference between elevated and groufig-level
flares and the design considefations which underlie the
choice of one br tiri other; and

.-.

c. describe prOvisions for le eling waste-gas flow rates from
intermittent sources. W

)

. 17. 'kubject:
o

Municipal Sewage ludge Lncineratien (Optional)
N

Objective: The'student will eNble to:

a. list and discuss the air pollutants emitted in incineration
of sewage sludgef

b. describe special d sign features tequired to burn wet sew-
age sludge fuel;

c. describe. the combustion-related activity occurring in each --
of the four zones of the-multiple-hearth Aewage sludge
inciherators71

,

discuss.the options- of coMbustion air preheating, flue gar
reheating, and energy recoveiy; and

.

s .

. .
.

.

. ,

-e. list .tWO-important operational problems which can.adversely
'influence air pollUtion emissio

-,

10 .



D. `COURSE BACKGROUND AND DESCRIPTXON

In 1966 the Air Pollution Training Program of the Robert A. Taft Sanitarli
Engineering Center in Cincinnati, Ohio established the course "CombustioW
Evaluation, Sources and Control Devices," No. 427. This course was ori-
ginally taught by personnel of the Air Pollution Training Institute with
the aid-of varicid4iiest lecturers.

Itatweetri June 1972 and September 1978, Assdciated Environmental Consultants
of Charlottesville,-Virginia taught mCombustion Evaluation" twenty-seven
times under contrabt with the U. S. Ebvironmental Protection Agency.

In 1978 Associated Environmental Consultants contracted to develop new
objectives and instructional'resourCe materkal 'so that the course could,
be taught by technically capable persons gt v ious regional air pollu-
tion control training centers throughout the nited States:

New course,goals, instructional objectives, agenda, and intended student
populations were selected following digcussion meetings with selected'
acivisers. 'mese meetings were held in EPA facilities at Researchflii-
angle Park, NC (April 7, 1978 and June 1, 1978), Chicago, IL (May 16,
1978), and San Frampisco, CA (pay 17, 1978). Attending the meetings,

. were the EPA project officer, James 0. Dealy; a representative from
AssociatedEnvironmental Consultants; and at the Chicago and San Frdn-
cisco meetings, representatives selected from,appropriate federal, state,
and local air' pollution control agencies. The June 1, 1978 meeting was
attended by representatives of the Air Pollution Training Institute,
Northrop Serviges, 7nc., the EPA Industrial Environmental tesearch Lab-
oratory, as well as other BPA research and regulatory divisions.

The instructional resource materials'which were developed include this
Course Moderator's Manual; the student manual, entitled: Combdstion
Evaluation in AirlPoliution Contrdl; and the Workbook for Combustion
Evaluation in Atr Pollution Control,

The course Maderator will note that the course agenda' (see Section 5)
.

is arranged in a sequential format, which may be taught as indicated in
the agenda, or may be rearranged to meet the'needs of varispis geographi-
cal regions, as well as the available time which a partic r groUp of
students has to participate in training activities.

Lessons 1 through 8 provide a modUle Of instructional materigl on the
chem4stry of combustion, containing spOcific information about fuels
mod coMbustion calculations. Many of khe participants will have been
previously.introduced to this fundamental information in college chem-
istry and physics courses. It is included in the course as a review,

. \
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becanse of its importance in combustion and pollution emission calcu-
lations. In addition, the fundamental combustion concepts must he
understood in order to evaluate other combustion-related air pollution
problems. Depending on the particular student population, additional
time may bp used on these topics. These areas may he dmitted from Illy!
'course for students who require only the advanced information; however,
they should read Chapter I, 2, and 3 prior to their attendance.

Lessons 9 through 14 provide a module of instructional m,terial oncom-
bustion design and pollution emission computations This module will
be difficult for any student who dogs not have an engineering or equi-
valent background. However, field enforcement personhel and technicians
will profit from this if they possess engineering computational abili-
ties.

LesSons 15 through 25 provide a module for.instructiolin on the Aesign
and operating features_of rpical compustion equiphient which are im-
portant for g od combustion and air pollutant control.

1A6Acons 26 thr,..ugh 30 provide an instructioal moddle containing
material,, which istof specific technical interesIt.. Two optional topics

p (flares and sewage sludgetincineration) are provided for the particu-
lar intArests of some regions or student Populations. These topics may
be substituted in the place of other.topics (e.g., controlled-air inci-
neration\and combustion of hazard6us waste), or they may be added to
extend th course.v.The course moderator will use his or her judgment
and knowledge of the studvnt population in this mAtter.

'Additionally the aourse derator may use discretion to revise the
mir_course agenda, provide re time for some lessonssand less time for
'others, or make the course longer or shorter. The students' background
add their-training. neAds will be tpe determining factors blithe modera-
tor's,decision of the topics. It is recommended that the sequepr
given in the first twent four lessons be followed, to acc9mmodate(6ie- 2
.prerequisites of each lesson: Sequence rearrangement and Substitution
of.optiopal lessons after Lesson 14 wigilll not cause disruption, except
that Lessen 28 should follow 'Lesson 27.

A pre-tept and post-test haVelobeeh included to me.re hOw 'effectively
*

the instructional dbjectives have been achieved.

12
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E. AGENDA ii5R COMBUSTION EVALUATION IN AIR POLLUTION CONTROL

DAY TIME SUBJECT
ft

Mondwy

*
8:30 9:30

9:30 10:00

10:00 10:50

11:10 12:00

f
Registration and Pre-Test

Introduction to Combustion Evaluation
*

Fundamentals'of Combustion I Basic Chemistry

rundamentalssof Cpmbustion II Thermochemical
Relationships

4 41eN .

1:00 141A0 , -Film "Three T's of Combustion"

1:30 2;20 Reaction Kinetics

2:40 3:20 Fuel Properties

3420 14:30 Problem SessiOn I

4:30 . Homework Assignment: Problem 1.5

Tuesday

8:30 1 9:00 Review HomeworOand Prt-Test esults

9:0.0 Combustion System Design

105 11:15 Problem Session/11

11:15 12:00-1 Pollution Emission Calculations I

1:0,0 145 Problem Session III
4 . Ni

1:45 3:1S Pollution Emission Caltulations II

3:30 4:30

4:30

Problem Session IV

.Homework.Assignment: Problem 11.2, rv.3, rv.5

13
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DAY 4 TIME 'SUBJECT

Wednesday

8:30 8:45

8:45 _ 9:15

f 9:15 _ 10:00

10:15 11:00

\11:00 7 12:00

1:00 2:00

2:00 , 2:30

2:45 3:45

3:45 4:30

4:36

Thursday

8:30 8:45

8:45 10:30

10:45 12:00

1:00 2:00

2:15 3:15

1:30 4:30

14:30

Friday,

-tf 8: 30.

8 :45

Homework Review

Introduction to Combustion Controt,-1

"Boilers and Their _Control"

Combustion Installation Instrumentation

Gaseous Fuel Burning

Fuel Oil Burning

Film "Combustion for Control of Gaseous
Pollutants"

Direct Rlame and Catalytic Incineration

Problem Session V

Homework Assignment: Problem V.2

Homework Review
tit

-

Coal'Burning \

Solid Waste and Wood Burning

Prob< Session VI

Controllid Air Inotneration (or optional
topic),4

r

Combustion of Hazardou . Was e (o optional
topic)

Homework Assignment:

0

8:45 HoMework. Review Aw

-NGx Control Theory9 4.5

10:00 11:00
/

11:09 12:00

12:00

,Optional Topic 1:
Optional ,Topic 2:

Problem VI.2

Combustion Modifications

Post-Test"

Course C6ncludes

FSI:e.waraegis: Sludge I.nc0i,neration
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F. COURSE PREREQUISITE SKILLS

Prerequisites for Course 427 includeAcompletion of Course 452, or
equivalent eiperience, and one of the following: college-level
training in physical science, engineering, or mathematics.-

G. INTENDED STUDENT POPULATION

Because this course is designed around student participation, 'it is
import nt that students selected for the coursailave the proper back-
ground ko that t'hey may both benefit frOin, and contribute to; the
course_p esented.

Combustion Evaluation in Air Pollution Contrl'is prepared for engi-,
neers technical staff, regulatory officials, and others who work in
combustion-related areas of air pVllution control. The course will
be useflaifor the above personnel\who work in federktl, state, and
local control agencies as well as for industry.'

. )

The ideal class size is 20 to.35.etudents. there.should be enough
students to facilitate-good discussions and not so many that some
will not be able ek ask qqestions or clearly see projected materials
or the chalkboard. 1

H. DISCUSSION ABIT COURSE'PRESENTATION

InstrUctors - The three most importaht criteria in the faculty selection
for this course are: (a) knowledge of combustion fundamentals and

Av
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/ proetipe related to air pollution control; (b) practical experience with
edaluation of air pollution emiSSions from combustion sources; and.
(c) experience (and ability) to use lecture and problem session tech-

, niques to instruct itdults. In addition, the Course Moderstor sho
select instructors known to have libsitive attitudes toward air llution
control regulations:

It would be particularly helpful ifinstructoil wvre able to sit in on
earlier offerings of the.'bourse in order to gain an appreJfiation't5f the
background and needs of typical students.

The Course Modetator should schedule a,briefing seotion beford any in-
structor is perAittfwd to go before a class. This session should cover
a brief review of the overall course and the lesson objectivesim Dis-
cussion should ensure that the instructot is well-prepared and comfort-
rle With the Material and techniques to be used.

Lesson planstshould be distributed in adVance to the faculty to give
adequate lead time for preparation. Preparation must include the study
of the appropriate sections of the moderator's,manual, visual aids,
student manuaf,,student workbook, and key references noted in the lesson
content outline.

Each lesson plan_outlined is designed for a limited time. Instructors
should be cautioned to obse time schedules, Therejs no reason why
instructors cannot vary thef format or content of
long as lesson Objectives 9lre met. HSwever, all
to encourage greater student participation..

any given lesson, as
variations shoul.d be

Phydical- ng-- 111.seleeting the'physpal setting.for this course,
the cOurse moderator must anticipate iheveral special requiFements..1
*Students will perform calculations iA problemmession, soNebles with
comfortOaechairs will be needed. Students should not be crowded td,
gethei,oS it would interfere wit4 their use of the course manual and
workhoOk to solve class problems anA take notes.

Projection slides.will be used to illustratelectures, so proper pro
jection equipment, screen, and room daikening will be required. The

students will bereferring to particular materials in their manuals
during the lecigres, so at, feast some partial,,lighting may be required,
even while the slides' are 'being shown.' A chalkboard large enough to
present computational problem' solutions also will be-needed.

Checklist of Activities for Presenting the Course-- The following chepk-!.
list will serve as guide to assure consideration of special items:-:

1. Pre-Course Reeponsibilities:'

a. Reserve and confirm classroom,lincluding if-ze, "set-up,"
_location, and goats (if any).

' 16



b. Select, contact, and confirm all faculty (speakers) for the
course. Forward materials to them.

c. Rese'rve hotel accommodations for faculty (if needed).

d. Arrange for food'services (i.e., coffee breaks, water, etc.)

e. Reviejland modify program curricula to recognize regional
interest, based on assessment of need.

f. Prepare and reproduce final ("rersed" if appropriate copy
of the agenda.

g. Reproduce final registration roster.

?'
h. Pre aie name badges and name "tents" for §tudents and faculty.

i. Ideniify, order, and confirm all A-V equipment needed.

j. Obtain sufficient copies of EPA Student Manuals, Workbooks,
Pre-Test, and Post-Test.

k. Pack and ship supplies and materials to the course location f."
prior to beginning of course (if appropriate).

.2. On-Site Course ResponsibIlitiesf

a. Detdiming and Check on final room arrangements (ile., tables,
chairs, lectern, water, cups, etc.).

b. Set up A -V equipment required each day and brief operator (if
,---- supplied).

c. Alert receptionist, watchmen, etc., of name, /ocation, and
schedule of.the program.

d. Set up and handle final registration check-in procedures.

e. Conduct a new speaker(s) briefing session on a daily basis.

f. Verify and make final coffee artangements (where appropri-
ate).

g. Make a final check on arrival of gi.lestispeakers (instructors)
for the day. .

h. Collect student evaluation critiques at the end of the course.

i. Award Certificates on last day of course.,

17



3.. Post-Course Responsibilities

a. Request expense statements from faculty; order and process
checks.

b. Write thank-you letters and send chficks to paid faculty.

- c. Write thank-you letters to non-paid guest spea,Xers.

d. ,Prepare evaluation on each course (includting instructors,
content,' facilities, etc.).

e sure A-V equipment is returned.

f. 6turn unused materials to the appropriate office.

I. LIST OF TEXIT AND OTHER HANDOUT MATERIALS

The following lesson materials should be available for each studen tak-

ing the course:
4

1. Course Manual: Combustiop Evaluation in Air Pollution Control

J. T. Beard, r. A. Iachetta, and L. U. Lilleleht.

r.
2. Workbook foY.Combustion Evaluation in Air Pollution Control by

J. Tit Beard, F: A. Iachetta, and L. U. Lilleleht.

3. Pre-Test

4. Pogt,..test
4

5. Fin'al Registration Roster

6. StOdent Critique Sheets

7. Course Certificates

J. PRE-TEST AND POST-TEST

The Pre-Tes't and the Post-TO:st are found as part of Lesson Plan 31.,

Answers to each are provided.

18



K. CLASS ROBLEMS AND HOMEWORK ASSIGNMENTS

lg

The class problems for Problem Sessions I through VI re found in the
Wbrkbook in Chapters I through VI, respectively. An ers to the prob-
leafs are found as part of Lesson Plans 7, 10, 12, 14, 21, and 24.

L. MATER LIST OF SLIDES (Pages 20 through 36

M. LESON PLANS/4.,EACH AGENDA ITEM

4

The detailed lesson plans for each agenda item follow Ole master list
of slides.

Mlle/

rt.
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SLIDE, NUMBER"' TITLE OF; SLIDE

427-1-1

427-1-2

427-1-3

427-1-4

427-1-5

427-1-6

427-271

427-2-2

427-2-3

427-2-4

427-2-5

427-2-6

427-2-7

427-2-8

427-2-9

427-2-10

427-2-11

427-2-12

427-2-13

A27-2-14.

427-2=15-

liSSON 1: INTRODUCTION TO COMBUgTION./EVALUATION IN AIR
POLLUTION CONTROL

GOALS 4

COURSE WILL EMPHASIZE

FUEL BURNING SOURCES

COMBUSTION OF WASTE MATERIALS

AIR POLLUTION EMISSIONS CONTROLLED BY COMBUSTION

a

AT THE CONCLUSION OF THE COURSE

LESSON 2: FUNDAMENTALS OF COMBUSTION II - BASIC CHEMISTRY

FUNDAMENTALS OF COMBUSTION

GENERAL COMBUSTION REACTION

THREE T'S OF COMBUSTION

?COMPLETE dOMBUSTION

THEORETICAL AIR FOR COMPLETE COMBUSTION

FLAMMABILITY LIMITS. OF COMBUSTIBLE VAPORS IN AIR

STANDARD CONDITIONS

IDEAL (PERFE(T) GAS LAW

CHARLE'S'.AND BOYLE'S LAWS

SELECTED REACTIONS I4COMBUSTION SEQUENCE

CARBONIC THEORY

HYDROXYLATION-idORY

YELLOW FLAME

-BLUE FLAME

_ST INJECTION TO ,YELLOW FLAME

JO,

20



V.

SUDE NUMBER TITLE OF SLIDE

427-3-1 .

427-3-2

427-3-3

427-3-4

k.k27-3-5

427-3-6

427-3-7

427-3-8

A*

427-3-9

427-5-1

427-5-2

427-5-3

427-5,4

427-5-5

427-5-6

427-5-7

427-5-8

427-5-9

LESSON 3: FUNDAMENTALS OF COMBUSTION II - THERMOCHEMICAL
#

RELATIONSHIPS

,GROSS HEATING VALUE

NET HEATING VALUE.

ADIABATIC STEADY STATE HEAT BALANCE

HEAT BALANCE ACROSS SYSTEM BOUNDARY WITHOUT HEAT LOSS ,

GENERALIZED COMPARISON OF PURE HYDROCARBON FUELS IN

,COMPLETE COMBUSTION

AVAILABLE HEATS FRO SOME TYPICAL FUELS

AVAILABLE HEATS WITH EXCESS AIR

FURNACE LOSSES

SUMMARY OF HEAT BALANCE TERMS

LESSON 4: FILM: 3 T's OF COMBUSTION (NO SLIDES REQUIRED)

LESSON 5: REACTION KINETICS

CHEMICAL REACTION RATES

EQUILIBRIUM CONDITIONS

TRANSITION STATE CONCEPT

TEMPERATURE EFFECT ON REACTfON RATE

TYPICAL CATALYSTS AND THEIR SUPPORTS

STEPS IN CATALYTIC REACTION SEQUENCE

SCHEMATIC OF \ThE CATALYTIC REACTION SEQUENCE

ARRHENIUS PLOT WITH AND WITHOUT CAT4LYST

DETERIORATION OF PLATINUM CATALYTIC ACTWITY

21

2-



SUDE NUMBER TITLE OF SUDE

427-G-I

427-6-2

427-6-3

-427-6-4

427-6-5

427-6-6

427-6-7

427-6-8

427-6-9.

427-9-1

427-9-2

427-9-3

427-9-4

LESSON 6: FUEL PROPERTIES

GASEOUS FUELS HAVE RATE OF COMBUSTION

HIGHER HEATING-VALUE

LOWER HEATING VALUE

API GRAVITY

#
APPROXIMATE VISCOSITY OF FUEL OIL

PROXIMATE ANALYSIS OF SELECTED COAL

ULTIMATE ANALYSIS OF SELECTED COAL (AS RECEIVED)

ULTIMATE ANALYSIS OF SELECTED COAL (DRY BASIS)

SELECTED SIZE DISTRIBUTION AND MOISTURE OF HOGGED FUELS

LESSON 7: 'PROBLEM SESSION I (No slides required)

LESSON REVIEW OF HOMEWORK1No slides required)

LESSON 9: 'COMBUSTION SYSTEMS DESIGN

FURNACE DESIGN CONSIDERATIONS

SYSTEM ENERGY DISTRIBUTION

STEAM GENERATOR ENERGY DISTRIBUTION

ENERGY DkSTRIBUTION

a

LESSON 10: PROBLEM SESSION II (No slides required)
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SLIDE NUMBER TITLE OF SLIDE

427-11-1

427-11-2

427-11-3

427-11-4

427-11-5

1 427-11-6

427-11-7

427-11-8

427-11-9

427-11-10

427-11-11

427-11-12

427-11-13

LESSON II: POLLUTION EMV1ISIONS CALCULATIONS I

NOMENCLATURE OF STANDARDS.

C , MASS STANDARD
ms

POLLUTANT MASS RATE STANDARD

PROCESS STANDARD

EMISSION FACTORS FOR FUEL OIL COMBUSTION

EMISSION FACTORS FOR NATURAL GAS COMBUSTION

SO
2
EMISSION ESTIMATE,,GIVEN:

EMISSION ESTIMATE FROM BASIC CHEMISTRY

EMISSION CALCULATION

RECOMPUTATION WITH EMISSION FACTOR

PtOCESS EMISSION

UNCONTROLLED PARTICULATE EMISSION ESTIMATE

\FRACTIONAL ,COLLECTIONAL EFFICIACIES OF PARTICULATE

CONTROL EQUIPMENT

LESSON 12: PROBLEM SESSION III (No slides required)



SLIDE NUMBER TITLE OF SLIDE

427-13-1

427-13-2

427-13-3

427-13-4

427-13-5

427-13-6

427-13-7

427-13-8

.427713-9

427-13-10

427-13-11

427-13-12

427-13-13

427-13-14

427-13-15

427-13-16

427-13-17

427-13-18

427-13-19

427-13720

427-13-21

..427-13-22

427-13-23

LESSON 13: POLLUTION ENIS,.SION CALCULATIONS II

GAS VOLUME CORREC%IONS

GAS CORRECTIONS FOR CONCENTRATION

. GAS CORRECTIONS FOR DENSITY

-EXCESSAra-CORRECTIONS

CORRECTIONS TO 50% EXCESS AIR

CORRECTIONS TO 12% CO
2

CORRECTIONS TO 6% 0
2

EAESS AIR yERCENT

EXAMPLE WITHOUT EXCESS AIR

EXAMPLE WITH EXCESS AIR

EXCESS AIR FROM ORSAT ANALYSIS

SAMPLE OF ORSAT DATA APPLICATION

CALCULASE.% EXCESS AIR

EXAMPLE PROCE°SS EMISSION STANDARD

DEFINITION OF AN "E" STANDARD PROBLEM

SOLUTIN OF SAMPLE 7E" PROBLEM

ALLOWABLE EMISSION'.

ACTUAL P1RTICULATE RATE

F -FACTOR CONCEPT

EMISSION IN TERMS OF i-FACTOR

EQUATIONS.FOR Fc FACTOR

EQUATION FOR Fc; FACTOR

TABLE OF F -FACTORS

24
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SLIDE NUMBER

427-15-1

427-15-2

427-15-3

427-15-4-

427-15-5

427-15-6

427-15-7

427-15-8

427-15-9

427-16-1

427-16-2

427-16-3

427=16-4

427-16-5

427-16-6

427-16-7

427-16-8

427-16-9

TITLE OF SLIDE

LESSON 14: PROBLEM SESSION IV (No slides required).

LESSON 15: INTRODUCTION TO COMBUSTION CONTROL

SCHEMATIC OF STEAM-FLOW ORIFICE STATION

ACTUAL STEAM-FLOW ORIFICE STATION

STEAM-FLOW DIFFERENTIAL SENSING AND TRANSFER UNIT

AUTOMATIC FORCED-DRAFT FAN INLET LOUVER cormipt

AUTOMATIC GAS-FLOW CONTROL VALVE

DIAGRAM OF A COMBUSTION CONTROL FOR A SPREADER-STOKER

FIRED BOILER

DIAGRAM OF A COMBUSTION CONTROL FOR A GAS- AND OIL-FIRED

BOILER ,

DIAGRAM,OF A COMBUSTION CONTROL FOR A PULVERIZED-COAL

FIRED BOILER

DIAGRAM OF A COMBUSTION CONTROL FOR A CYCLONi=V1RED BOILER

LESSON 16:t dOMBUSTION INSTALLATION INSTRUMENTATION

STEAM-FLOW AIR-FLOW METER AND CHART h,

DRAFT GUAGES ON SPREADER STOKER-FIRED BOILER INSTRUMENT

PANEL

GAS AND WATER TEMPERATURES OF ECONOMIZER
)

INSTRUMENT PANEL WITH REMOTE STACK SMOKE INDICATOR

SKETCH, OF REMOTE STACK SMOKE INDICATOR

RANEREX CONTINUOUS CO
2
METER

TYPICAL 0
2

READINGS
,

A

TYPICAL CO
2

READINGS

.EFFFT.9F EXCESS ,AIR (FLUE-GAS. CO2) ON COMBUSTION EFFICIENC

427-16710 IMPROVED'EFFICIENel CASCADE
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SLIDE NUMBER
&
TITLE OF SLIDE

SO

427-17-1

427-17-2

427-17-3

427-17-4

427-17-5

427-17-6

427-17-7

,--

\
427 17-8'

427 7-9

427-17-10

14,

LESSON 17: GASEOUS FUEL BURNING

BLUE FLAME

YELLOW 4LAME

ATROSPHERIC BURNERS FLAME STABILITY

ATMOSPHERIC PREMIX TYPE GAS BURNER

MULTIFUEL OIL GASIFYING BURNER

FURNACE HEAT RELEASE RATE

COMPARITIVE FURNACE SIZES

TYPICAL BREECHING AND STACK CONDITIONS
0

VELOCITY IN CONVECTIVE SECTION

FLUE.GAS ANALYSIS

s,
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SLIDE NUMBER TITLE OF SLIDE

427-18-11

427-18-2

427-18-3

427-18-4

LESSON 18: FUEL OIL BURNING

PURPOSE OF FUEL OIL BURNING

REQUIREMENTS FOR COMPLETE COMBUS1ON

MODE OF COMBUSTION OF FUEL OIL DROPLETS

APPROXIMATE VISCOSITY OF FUEL OILS

427-18-5 Tra, EXeESS AIR LEVELS

427-18-6 VOL ETRIC HEAT RELEASE RATES AND' RESIDENCE TIMES

427-18-7 SCOTCH-MARINE BOILER

427-18-8 iNTEGRAL FURNACE BOILER

427-18-9 WATER WALL TUBES

427-18-10

427-18-11

WATERIIIILL TUBES

r'
INTEGRAL FURNACE BOILER,'TYPE D

427-18-12 VERTICALLY-FIRED OIL BURNING FURNACE

427-18-13 TEMPERATURES IN BOILER OF PREVIOUS SLIDE

427-18-14 BOILER, TANGENTIALLY FIRED

427-18-15 WATER-WALL FURNACE CROSS SECTION (TANGENTIALLY FIRED)

427-18-16 ATOMIZING CHAWTERISTICS OF DIFFIgkENT BURNERS

427-18-17 ROTARY CUP BURNER

427-18-18 HIGH-PRESSURE ATOMIZER (DOMESTIC)

427-18-19 LOW-PRESSURE AIR ATOMIZER

.427-18-20 LOW-PRESSURE AIN ATOMIZER SKETCH

427-18-21 LOW-PRESSURE AIR ATOMIZER MOUNTED IN COMMERCIAL FURNACE

427-18=22 TANGENTIAL SWIRL NOZZLES

427-18-23 SWIRL DEVICE FOR SECONDARY AIR

s.
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SLIDE NUMBER I TITLE OF SLIDE

LESSON 18: FUEL OIL BURN1NGL_continued

427-18-24 HIGHPRESSURE ATOMIZER

427-18-25 MECHANICAL ATOMIZATION (WITH RETURN FLOW, SPILL BACK)

427-18-26, EXAMPLES OF RETURN FLOW HIGH AND LOW FIRE

427-18-27 X STEAM ATOMIZING (INTERNAL MIX)

427-18-28 STEAM ATOMIZING (INTERNAL MIX)

427-18-29 INTERNAL MIX STEAM ATOMIZING NOZZLE

427-18-30 INTERNAL MIX STEAM ATOMIZING NOZZLE

427-18-31 INTERNAL MIX STEAM ATOMIZING NOZZLE

427-18-32 STEAM OR AIR ATOMIZING BURNER (EXTERNAL MIX)

427-18-33 INFLUENCE OF AAFT CASE HISTORY

427-18-34 SMOKE CO
2
CHARACTERISTICS

',arm

28
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SLIDE NUMBER TITLE OF SLIDE

427-20-1

427-20-2

427-20-3

.427-20-4

427-20-5

027-20.-6

427-20-7

427-20-8

427-20-9
A

427-20-10

427-207_11

427-20-12

427-20-13

427-20-14

LESSON 19: FILM - "COMBUSTION FOR CONTROL OF GASEOUS

EMISSIONS" (No slides required) ar

LESSON 20: DIRECT FLAME AND CATALYTIC INCINERATION

CONTROL OF OBJECTIONABLE'GASES AND VAPORS

COMBUSTION EQUIPMENT

DIRECT FLAME OXIDATION

COUPLED EFFECTS OF-TEMPERATURE AND TIME ON HYDROCARBON-

OXIDATION RATE

TYPICAL THERMAL AFTERBURNER EFFECTIVENESS FOR HYDROCARBON
4

AND CARBON MONOXIDE MIXTURES

INDUCED DRAFT,FUME INCINERATOR

DIRECT-FLAME AFTERBURNER

CATALYTIC AFTERBURNER kHDIATIC

OXIDATION TEMPERATURE

INDUSTRIAL APPLICATIONS OF CATALYTIC COMBUSTION

TYPICAL CATALYSTS AND THEIR SUPPORTS

LOSS OF.CATALYST ACTIVITY

CATALYTIC INCINERATOR WITH RECYCLE AND HEAT ECONOMIZER

CERAMIC BED REGENERATIVE-TYPE INCINERATOR AND HEAT

RECOVERY SYSTEM\ I

29
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SLIDE NUMBER TITLE OF SLIDE

427-22-1

427-22-2

427-22-3

427-22-4

421-22-5-

427-22-6

427-22-7

427-22-8

427-22-9

427-22-10

427-22-11

427-22-12

427-22-13

427-22-14

427-22-15

427-2246

427-22-17

427722-18

427-22-19

A27-22-20

427422-21

LESSON 21: PROBLEM SESSION V: (No slides required)._

LESSON 22: COAL BURNING

COAL RESERVES - BILLIONS OF TONS

COAL SOURCE DISTRIBUTION

COAL AIIALYSIS

INFLUENCE OF FIXED CARBON AND VOLATILE MATTER ON FIRING

EQUIPMENT

CHAIN GRATE STOKER

VIBRATING GRATE STOKER

UNDERFEED SINGLE RETORT STOKER

SECTION THRU UNDERFEED STOKER.

UNDULATING GRATE STOKER

PULVERIZED COAL 'BURNER

MULTIFUEi, BURNER

SP1EADER,STOKER SCHEMATIC

*SPREADER STOKER

CYCLONE FURNACE

PULVERIZED COAL-FIRED BOILER

CYCLONE FURNACE

BOILER WITH CYCLONE FURNACE

/COMBUSTION AIR - THEORETICAL

COMBUSTION AIR 7. GIVEN ULTIMATE ANALYSIS

EFFECT OF COAL FIA1NG RArE AND SIZE CONSIST

'EFFECT OF EXCESS AIR "(FLUE GAS CO2) ON COMBUSTION

.EFFICIOCY
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SLIDE NUMBER 11T4)0F SLIDE

427-23-1

427-23-2

427-23-3

427-23)-4

427-23-5

427-23-6

4 27-2 3-7

427-23-8

427-23-9

427-23-10

427-23-11

427-23-12

427-23-13

.427-23-,14

427-23-15

427-23-16

427-23-17

427-23-18

427,23-19

427-23720

427-23-21,

427-23-22

LESSON 23: SOLID WASTE ANI

AVERAGE COMPOSITION OF MUN

WOOD BURNING ,

C1PAL WASTE

AVERAGEIFTIMATE ANALYSIS

WASTE IN AN INCINERATOR STORAGE

HOG FUEL STORAGE PILE

CLARIFIER SLUDGE

ULTIMATE ANALYSIelDF DRY HOGGED FUEL

SIZE AND MOISTURErgONTENT OF HOGGED FUEL COMPONENTS
.

HEATING VAIIIES OF BARk AND WOOD

HIGHER HEAT VALUE OF MUNICIPAL WASTE COMPONENTS
4

FLOW CHART - REFRACTORY WALL INCINERATOR

CHAIN GRATE

RECIPRO6ATING GRATES.

REyERSkRECIPROCATING GRATE

WApTE-FIRED BOILiR WITH .BARREL'GRATE

P1AGRAM OF AIR-SWEPT SPREADER STOKER NOZZLE

AIR-SWEPT SPREADER ON WOOD-FIRED BOILER

ENERGY RELEASE RATES - SOLID WASTE AND WOOD WASTES

HARRISBURG INCINERATOR

SOLID WASTE BOILER WITH RECIPROCATING GRATES

DUTCH OVEN FIRED BOILER
4'

FUEL CELL FIRED WOOD WASTE BOILER

INCLINED*GRATE WOOD WAVI.E BOILER

LESSON 24: PROBLEM SESSION VI (No slides reituired)
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SLIDE NUMBER TITLE OF SLIDE

427-25-1

427-25-2

427-25-3

427-25-4

427-25-5

427-25-6

427-25-7

427-25-8

427725-9

427-25-10'

427-25-11

427-25-12

427-25-13

427-25-14

.427-25-15

427-25-16

427-25-17

427-25-18

427-25-19

427-25-20

427-25-21

427-25...22

427-25-23

427-4-24

LESSON 25: CONTROLLED AIR INCINERATOR

AVERAGE EMISSION FROTOPS FOR REFUSE COMBUSTION

FLUE FED SINGLE CHAMBER INCINERATOR

APARTMENT HOUSE INCINERATOR WITH SEPARITE STORAGE BIN

MULTIPLE-CHAMBER RETORT rNCINERATOR

MULTIPLE-CHAMBER IN-LINE INCINERATOR

MULTIPLE-CHAMBER IN-LINE INCINERATOR

CONTROLLED AIR INCINERATOR

CONTROLLED PROPORTIONATE AIR DISTRIBUTION

AIR DELIVERY BLOWER

CHAMBER PRODUCES VOLATILE GASES

SECONDARY CHAMBER

TEMPERATURE CONTROLLER
%.

RELATIVE SIZE OF, PR;MARY AND SECONDARY CHAMBPS6

FACTORY MANUFACTURED

MODULAR UNIT AT MUNIC/PAL FACILITY

CHARGING OF AUTOMAT/1C imp HOPPER

ASH REMOVAL DOORS

AUXILIARY OUEL BURNER

MULTIPLE AUXILIARY BURNERS FOR PR1MARY.CHAMBER ar PATHOW-
G/CAL WASTE INCINERATOR

/)CMPACT WASTE CHARGE

CHARGING WITH OPEN IcOOR

MODIFY CONTROLLER TEMPERATURE SETTING .

DAMAGED REFRACTORY AND UNDERFIRE AIR PIPE

USIDERFIREAUMAMM9LY ORTILTANER

. 32..



SLIDE NUMBER

427-25-25

427-25-26

427-26-1

427-26-2

427-26-3

427-26-4

427-26-5

427-26-6

04.

4

4

11TLE OF SLIDE

INCINERATOR WITH STEAM GENERATION

INCINERATOR WITH CONTINUOUS FEED AND ASH REMOVAL

LESSON 26: COMBUSTION OF HAZARDOUS WASTE

COMPARISON OF THERMAL DESTRUCTION OF PESTICIDES AND
,PCB's

THERMAL DESTRUCTION ZONES FOR VARIOUS PESTICIDES

SUBMERGED-COMBUSTION INCINERATOR.

KEPONE INCINERATION TEST SYSTEM

ROTARY KILN INCINERATOR

FLUIDIZED-BED INCINERATOR SCHEMATIC

491

*It
33
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SLIDE NUMBER TITLE OF SLIDE

427-27-1

427-27-2

427-27-3

427-27-4

427-27-5

427-27-6

427-27-7

427-27-8

427-27-9

427-27-10

427-27-11

427-27-12

427-27-13

427-27-14

427-27-15

427-27-16

427-27-17

427 -27-18

427-27-14

427-27-2Q

LESSbN 27: NO
x

CONTROL THEORY

SUMMARY Of 1974 STATIONARY SOURCE NO
x

EmIssioNs

ANNUAL NATIONWIDE NO
x EMISSION PROJECTIONS TO 2000

EXAMPLE OF TRANSIENT SMOG CONDITIONS IN LOS ANGELES, CA

EXANPLE OF EXPERIMENTAL SMOG CHAMBER DATA

GENERALIZED PHOTOCHEMICAL REACTIONS

GENERALIZEDVHOTOCHEMICAL REACTIONS (CONTINUED)

THERMAL NO
X FORMATION: CLASSICAL CHEMICAL MODEL

THERMAL NO
x FORMATIONt SIMPLIFIED MODEL

THEORETICAL CURVES FOR NO CONCENTRATIONS VS. TEMPERATURE

EFFECT OF LOW gxcEss AIR, OIL FUEL

TWO-STAGE COMBUSTION

TWO-STAGE COMBUSTION, OIL 'FUEL

'EFFECT OF BURNER STOICHIOMETRY ON NO
X'

COAL COMBUSTION

NO
X

REDUCTION BY FLUE GAS RECIRCULATION

EfFECT OF FGR ON NO EMISSIONS

.EFFECTS OF NO-
X CONTROL METHODS

RANGE-OF UNCONTROLLED UTILITY BOILER NO
x EMISSI61S

EFFECT FIRING METHOD, OIL FUEL/

-NOx EMISSIONS WITH WATER IN4W6)N FOR NATURAL GAS-FIRED

GAS TURBINE

EFFECT OF TIMPERATURE ON NO REDUCTION WITH AMMONIA

INJECTION

.34



SLIDE NUMBER TITLE OF SLIDE

427-28-1

1, LESSON 28: IMPROVED PERFORMANCE BY COMBUSTION

MODIFICATION

SMOKE-CO
2
PLOT Vb11 RESIDENTIAL OIL BURNERS

427-28-2 "LOWEST PRACTICAL CO211, RESIDENTIAL BURNERS

42?-28-3 EFFECT OF STACK TEMPERATURE AND CO
2

ON THERMAL EFFICIENCY

427-2874 USUAL RANGF OF VISCOSITY FOR OIL FIRING .

427-28-5 SMOKE-CO
2
CURVE FOR COMMERCIAL RESIDUAL OIL FIRED BURNER

427-28-6 MAXIMUM DESIRABLE BACHARAdH SMOKE NUMtER

427-28-7 PERCENT CO
2
IN FLUE GAS AS FUNCTION OF EXCESS AIR

427-28-8 BOILER'EFFICIENCY LOSS CHANGE WITH EXCERS 0
2

427-28-9 SMOKE-0
2
CURVE FOR COAL OR OIL-FIRED INDUSTRIAL BOILER

427-28-10 CO-0
2
CURVE FOR GAS-FIRED INDUSTRIAL BOILER

427-28-11 EFFECT OF EXCESS 0
2

ON NO
x

EMISSIONS

427-28-12 TYPICAL RANGE OF MINIMUM EXCESS 0
2
AT HIGH FIRING RATES

427-28-13 EFFECT OF REDUCING THE EXCESSAIR ON BOILER EFFICIENCY

427-28-14

427-28-15

427-28-16 REDUCTIO OF TOTAL NOx,BY STAGED AIR WITH NATURAL GAS FUEL

427-28-17 REDUCTIO OF TOTAL NO
x BY STAGED AIR WTTH NO. 6 FUEL OIL,

427-28-18 EFFECT OF NO PORTS ON BOILER EF IENCYX

427-28-19 EFFECT OF COMBUSTION AIR TEMPERA E ON NO WITH OIL

STAGED AIR EXPERIMENTAL WATER TUBE BOILER, TOP VIEW

STAGED AIR EXPERIMENTAL WATER TUBE BOILER; SIDE VIEW

427-28-20

427-28-21

AND GAS

. INFLUENCE OF AIR PREHEAT ON NOx

EFFECT OF COMBUSTION AIR PREHEAT ON BOILER EFFICIENCY

,



SLIDE NUMBER

,,

427-28-22

427-28-23

427-28-24

427-28-25

427-28-26

427-28-27

TITLE.OF SLIDE

LESSON 28: IMPROVED %ERFORMANCE BY COMBUSTION
MODIFICATIONL. contnued

AZEDUCTION IN NOx BY FLUE GAS RECIRCULATION

NO
x FROM GAS, TANGENTIALLY-FIRED UTILITY.BOILERS

'EFFECTS OF NOx CONTROL METHODS ON A GAS, WALL-FIRED
UTILiTY BOILER

EFFECT OF NO
x CONTROL METHODS ON.AN OIL, WALL-FIRED

UTILITY BOILER

NOx FROM RESIDUAL OIL, TANGENTIALLY -yRED UTILITY BOILERS
EFFECT OF BURNER STOICHIOMETRY ON NO

x IN TANGENTIAL,
0' COAL-FIRED BOILERS

Vlb

36
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SLIDE NUMBER

427-29-1

427-29-2

427-29-3

427-29-4

427-29-5

427-29-6

427-29-7

427-29.-8

427-249

427-29-1)0

427-29-1k-

427-29-12

427-29-13

427-29-14

427-29-15

427-29-16

)427-29-17

427-29-18

TrriE OF SLIDE

LESSON 29: WASTE GAS FLARES

GAS PROPERTIES RE-FLARES

GAS PROPERTIES RE-FLARING

SMOKE TENDENCIES,'ACETYLENE

SMOKE TENDENCIES, PROPANE

SMOKE TENDENCIES, ETHANE

SMOKE TENDENCIES, H/C > 0.28

WATER-GAS REACTIONS

STEAM REQUIREMENTS FOR SMOKELESS FLARE

JOHN ZINK SpOKELESS FLARE TIP

\
CROSS SECTION OF A SMOKELESS FLARE BURNER

FLARE TIP WITH INTERNAL STEAM INJECTION

SINCLAIR FLARE BURNER

ESSO TYPE BURNER

MULTISTREkM-qET BURNER

MULTIJET-GROUND FLARE

VENTURI-TYPE FLARE

WATER SPRAY TYPE GROUND FLARE

NUMBER OF PILOTS REQUIRED

e

01.
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SLIDE NUMBER TITLE OF SLIDE

LESSON 30: MUNICIPAL SEWAGE SLUDGE INCINERATION

427-30-1 - TYPICALSECTION OF A MULTIPLE-HEARTH SLUDGE INCINERATOR

427-30-2 MULTIPLE-HEARTH FURNACE FOR INCINERATING MUNICIPAL

SEWAGE SLUDGE

427-30-3 SINGLE HEARTH SLUDGE FURNACE.

427-30-4 FUNDAMENTALS OF FLUIDIZED INCINERATION

,

38



LESSON PLAN ,

Ala IDOL& UTION
TIMAINIP4111 INOTITUTII

TOPIC: Int roduct ion to Combust ion

Evaluation in Air Pollutiom
Control

COURSE 427, Combustion Evaluation
LESSON TIME: 30 min.
PREPARED BY: DATE

J. T. Beard Aug. 1978

Lesson Number: f

Lesson Goal: The goal of this lesson,is to familiarize the student with the goals
and emphases of "Combustion Evaluation in Air Pollution Con ol."

Lesson Obl .tives: At the end of this lessqn the student will be able to:

identify three major goals of Combustion Evaluation in Air Pollution Control;

list four of the subject areas which will be emphasized in the course
(fundamentals of combustion, fuel properties, combustion system design,
emission calculations, various combustion equipment topics, NIN control);

present two reasons for aPikying the fundamentah,concepts of combustion
when solving combustion evaluation problems in air pollution control;

list four of the mae*rials burned as a fuel which are to be considered in the
course;

list three waste materials which may be disposed of through combustionv a

list three of the important Air pollutant emissions which may be limited
by combustion control. -

StudentlPrerequisite Skills: Ai;Pollution Training Institute Course 452 or
equivalent experience, .and oni of the following: college level training
in physical science, engineering, or mathematics.

Level of Instruction: Undergraduate engineering, or equivalent.

Intended Student Professional Backgrounds: Engineers, technical staff, regula-
tory officials, and others who work in combustion-related areas of air

.pollution control.

Support Materials and Equipment:
k

1. Slide projector

2. Slide pet for Lesson 1.

'1r
;Special Instructiona: None
g:

It



References:

1. ipmbustion Evaluation in Air Pollution Control, Chapter 1.

1-2
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SLIDE NUMBER TITLE OF SLIDE

427-1-1

427-1-2

427-1-3

427-1-4

427-1-5

427-1-6

LESSON 1: INTRODUCTION TO COMBUSTION KVALUATION IN AIR
POLLUTION CONTROL

GOALS

COURSE WILL EMPHASIZE

FUEL BURNING SOURCES

COMBUSTION OF WASTE MATERIALS

AIR POLLUTION EMISSIONS CONTROLLED BY COMBUSTION

AT tHE CONCLUSION OF THE COURSE

fit

,

1-3
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\: CONTENT OUR
Course: 427, Combustion Evaluation

Introduction tO`Combbstipn-Lecture Evaluation

-\

4. Intmduction
.

,

A. Introduce courlie moderator and lecturers
B. Discuss the jobs in control Agencies and in industry

, where knowledge from this course would be useful
C. Present the procedures to be useelh the course

1. Refer students to the course agenda, student manual,
and workbook

I 2. Advise students on their mode of participation in
the course,

3. Invite students to express their interest in certain
subjects of the courls

4. Describe the metpod aff,taking the pre-test and post-
test

5. Emphasize the importance of completing the daily
homework assignments ,

6. Mention the criteria for awarding the course cer-
tificate ahd GEU's

- D. Provide information about lunch and coffee breaks,
transportation, restroome,.etc.

II. Course Goals
A. Goals are to provide participants 'with knowledge of:

1. Fundamental aspects of combustion
2. Applied aspects of combustion
3. Overview of the state-of-the art

B. Basic concepts of combustion
1. Definition and purpose of combustion
2. Factors affecting completeness of combustion

. a. Sufficient oxygen
b. Three T's of combustion

3. Consequences of poor combustion
a. Smoke and other particulates
b. Carbon monoxide and other partially oxidized

hydrocarbons
c. Odor

C. Give examples relating fundamental concepts
to applied air pollution problems
1. Fuel oil viscosity (which varies with temperature)

influences droplet atomization size which could
be too large for complete combustion in a given
situation

2. NIN formation may be reduced by limiting the amount
of excess air .

D. State that eMphasis will be placed on:
1. Fundamental combustion calcul tions
2. Evaluation of pollution emissi ns
3. Factors to consider for reduce emissions

... a. Good equipment design
b. -Proper installation 3

c. 'Good operating practices and maintenance program
4.' Corrective action for malfunctioning equipment

40t0"41,4,

eh 4
ZU41

PI tC/1

Page of 5

NOTES

1-4

Slide 427-1-1
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Slide 427-1-2



1

CONTENT OUTLINE A 4
ço sr4

Course: 427, Combustion Evaluation =el
Lecture Title: Introduction to C ustion 41.4

ma10-

Page 5 of '`3

NOTES

,

III. Distinguish between the content of this course and
courses in gaseous and particulate emissions
A. Course will emphasize coffimonly encountered

1. Fuel combustion sources
a. Major stationary sources burning natural gas

b. Commercial, induS-;ial, and utility svrces
burning fuel oil 1

c. Industrial and utility sources burning coal
d. Industrial sources burning woodp(hog fuel)

e. Special sources burning municipal solid waste

2. Combustion devices

:

r controllAnorwaste gases
a. Catalytic incin ation . .

b. Direct flame incineration
c. Flares (as an option

3. Combustible waste materi
Various chemical and ardous wastes
Garbage (municipal(SOlid wastes)
Industrial waste gas Streams Containing com-
bustible hydrocarbon and other gases

d. Municipal sewage sludge (optional topic)
B. .Course will not emphasize flue gas control of:

1.. Particulates (covered in Course No: 412))
2. Sulfur oxides (covered i Course No. 415)

Air pollRtants ich can reduced-by

trolled combusti n are:
1. Carbon trono4
2. Hydrocarbon Ips

, 3. 'Nitric oxides
4. Combustible particulates

oxidation
5. -Incombustible particulates resulting from entrain-

ment by high-veloCity gases'
Course Objectives
A. Refer to list of objec ives for each topic of the

course (found in Chap er 1)
B. Summarize the objec ves for the participants

1. Familiarity wi h/combustion principles

2. Ability to pe form calculations to determine quantities
of emissions d the requirements for complete com-

bustion
3. Ability to state important mechanisms in the formation

of certain air-pollution emissions
4. Ability to unlierstand and apply the important combus-

tion design and Qpe,rational parameters in order to make
recommendatitms fç improved air pollution coptrol

a.

b.

c.

1 topic)

is

C.

resulting

properly con-
y

from incomplete

a

5

1-5
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LESSON PLAN

TOPIC: Fundamentals of Combustion 17
Basic Chemistry

COURSE: 4è7 Combustion Evaluation
tr.SsON iit 50. min.
POEPARED BY .DATE

4
L. U. Lilleleht AUg._1978

Lesson Number: 2 Ar^

Lesson Goal: The goal of this lesson is to provide a review of the fundamental
t egry of chemical reactions as is related to combustion eval tion in air

llution control.
) . i

.. J
Lesson Objectives: At the end of this lesson the student will-be able to:

use' the basic chemical equations for combustion reactions, with or without
excess air, to calculate air requirements and amounts of coMbiltion
products;

-

apply the ideal gas law to determine volumetric'relationships for typical
combustion situations; 4--

distinguish between different types of combustion as characterized by car-
bonic theory (yellow flame) and hydroxylation theory (blue41athe).

Student Prerequisite Skills: First-level college chemistry, algebra, physics
(heat).

Level of Instruction: Undergraduate engineering or equivailent

Intended Student Professional Background

;
: Engineers,.technical staff, regula-

tory officials; and others who wor in combustion-related areas,of air
pollution control.

Support Materials and Equipmnt:

1. Slide projector

2. Slide set for Lesson,2.

,Special Instructions: None

Iteferences:

1. Combustion Evaluation in Air Pollution Control, Chapter 2. f
' 2. Steam, Its Generation and Usi, 38th Edition, published by Babcock

and Wilcox Co.,- New York (1972).

2-1
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SLIDE NUMBER TITLE OF SLIDE

LESSON 2: FUNDAMENT#S OF COMBUSTION II BASIC CHEMISTRY

427-2-1 FUNDAMENTALS OF COMBUSTION

427-2-2 GENERAL COMBUSTION REACTION

427-2-3 THREE T'S OF COMBUSTION

4277274 COMPLETE COMB6TION

427-2.-5 THEORETICAL AIR FOR COMPLETE COMBUSTION

427-2-6 FLAMMABILITY LIMITS OF COMBUSTIBLE VAPORS IN AIR

-427-2-7 STANDARD dONDfTIONS

427-2-8 IDEAL (PERFECT) GAS LAW

427-279 CHARLES' AND BOYLE'S LAWS

427-2-10 ILECTIt REACTIONS IN COMBUSTION SEQUENCE

427-2-11 . CARBONIC THEORY
A

427-2-12 HYDROXYLATION THEORY

427-2-13 YELLOW FLAME

427-2-14 BLUE FLAME

427-2-15 STEAM.INJECTION TO yELLow FLAME

1)

2-2 51
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I I CONTENT OUTLINE

II. nUirse: 427, Combustion Evaluation
Fundamentals of Cd6bustionLecture rille: Basic Chemistry

I. Introduqrion
A. State the objectives of this leason
B. Establish definitions and common terminology

1. Combustion: rapid chemical reaction
2. Balancing 'general oxidation reaction

a. Concept of molk

b. Conversion from molar to mass or other bases

A _woosnl,

kzcz,
PROlt()

Of 4 __

N OTES

3. Recluirements for
a. Oxygen

complete combustion,

b. Temperature, turbulence, time
Determine the oxygen (air) requirements for combustion
A. Theoretical (stoichiometric) air requirepents and

combustion products for
1. Single component combustibles
2. Mixtures of combustibles

B. Effects of insufficient air
1. Carbon (smoke, soot)

(b2. Carbon monoxide
3. Partially oxidized hydrocarbons and odor

C. Reasons for some excess air
1. Complete combustion, .0

2. Temperature control in combustion zone
Flammability characteristics of gases and vapors,

1. Combustion over range of concentration
a. or explosive limits,

homogeneous mixtures
b. Effects of temperature and p sure on flam-

mability limits
2. Heterogeneous mixtures

a. Multiphase (solid, liquid, gas) system
/b. Layered systems

E. Volumetric relationships for gases and

1. Avogadro's law
a. Equal volumes -,equal number of malecules

2.' Standard conditions (T and p)
a. Universal scientific
b. Gas industry

Other

D.

Lower and upper flammability

III. The
A.

volumes
\

C.

Gas
a.

3. laws
Ideal (perfect) .gas law

Univetsal gas constant
Consistent units

b. Charles' law
C. Boyle's law
d. Dalton's law

Three T's of Combustion
Temperature
1. Ignition temperature

a. For-Vases and vapors
b. For coal

2. Temperature accelerates reactiebn rate

2-3

Slide 427-2-1

Slide 427-2-2

Slide 427-2-3

Refer to Student
Manual, p.2-23

Slide 427-2-4
427-2-5

Slide 427-2-6

Slide 427-2-7

Slide 427r2:8

Slide 427-2-9

Slide 427-2-3
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CONTENT OUTLINE
iO

, ss22
Course: 427, Combustion Evaluation

Fundamentals of Combustion I-4).Lecture Title: 41.ppolt
Basic Chemistry

AVe 4 of 4

NOTES

B. Turbulence
1. Facilitates mixing of oxygen and fuel
2. Break-up of boundary layeirs accelerates

a. Vaporization of liquid fuel
b. Removal of combustion products from surface

of solid fuel particle
c. Availability of oxygen to burning surface

of solid particle
3. Affects heat transfer in combustion chamber

C. Time
1. Residence time for complete combustion
2. Temperature effect

a. Lower reaidence time at higher temperature
b. gmaller/SiFe

3. Residence time distribution
a. Shape of furnace
b. Flow pattern

IV. Combustion Mechanisms
A., Sequence of reactions affected by

1. Availability of oxygen'
2. Temperature, turbulence, and time

B. Carbonic tbeory
1. Yellow flame

C. Hydroxylation theory
1. Blue Flame

D. Water-gas reaction to
1. Mediate cracking reaction
2. Control smoking tendency of flares

Sumary

Knowledge of the fuel composition will permit the deter-
mination of the theoretical air requirements and the quantities
and composition's of the flue products through the use of
material balances.

.CoMbustion ts usually carried out at oinear atmospheric
pressures so.that the use of the i eal gas law is justified
for the relationship between the volume and the nuMber of mole
or mass of gases involved.

Temperature, time, and. turbulen6e in a. combustion device

. are important factors to be considered to assure complete com-.
bustion with a minimum of pollutant emissions.

Different theories have been proposed for the combustion

mechanism. Which of these mechanismstis predominant depends
on tye type of fuel and how it isjaxed with air. The appear-

ance of the flame can be) used as au indication of the type of

qombustion and its quality.
\

f \ 1

combustion calculations inVolviug heat,effects will be
the subject of the next lecture.

A

.2-4
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ALM POLLUTION
TISPININO WHIT 'TUTU

LESSON PLAN

`MOW*

TOPIC: Fundamentals of Combustion
II - Thermochemical
Relationships.

COURSE 427, Combustion Evaluation-!
LESSON TIME: 50 9in.
PREPARED BY. DA T E

L. U. Lilleleht 4rAug. 1978

Lesson Number:

Lesson Goal:
theory of
pollution

3

The goal of this lesson is to provide a review of the fundamental
chemical reaetly-as is related to coMbustion evaluation in air
control.

Lesson Objectives: At the end of this lesilon the studeni will be able to:

define heat of combustion, gross and net heating values, available heat,
hypothetical available heat, sensible heat, latent heat, and heat content;

determine the available heat obtained from burning fuels at different flue
gas exit temperatures and with various amounts of excess air, using gener-

alized correlation,:

perform heat content calculations for various flow sy4eams in a combustion
installation;

calculate furnace efficiency and describe the effe ts of varying air-t6-
. fuel ratio on flue-gas composition and furnace los

Student Prerequisite Skills: First-level college chemistry, algebra, physics
(heat); Course 427, Lesson Number 2.

Level of Instruction: Undergraduate engineering or.equivalent.

Intended Student Professional Backgrounds: Engineers,- technical staff, regu-
latory officials, and others who work in combustion-related areas of air
pollution control.

Support Materials and Equipment:

1. Slide projector

2. Slide set for.Lesson 3.

Special Instructions: None

.t
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References:

1. Combustion,Evaluation in Air Pollution Control, Chapter 2.

2. Combustion Handbook, 1st Edition, North American Manufacturing Com-
pany, Clevel,and, OH (1952).

4,11

3. 'Air Pollution Engineering Manual, AP-40, 2nd Ed tion, pp. 176 and 935,
USEPA (1973).
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SLIDE NUMBER

427-3-1.

427-3-2

.427-3-3

427-3-4

427-3-5

427-3-6

427-3-7

427-t.-8

427-3-9

I.

(VITLE OF SLIDE

LESSON 3: FUNDAMENTALS OF COMBUSTION II THERMOCHEMICAL

RELATIONSHIPS

'GROSS HEATING VALUE

NET HEATING VftLUE

ADIABATIC STEADY STATE HEAT BALANCE

'HEAT BALANCE ACROSS SYSTEM BOUNDARY WITHOUT HEAT LOSS

GENERALIZED COMPARISON OF PURE HYDROCARBON FUELS IN

COMPLETE COMBUSTION

AVAILABLE HEATS FOR SOME TYPICAL FUELS

AVAILABLE HEATS WITH EXCESS AIR

FURNACE LossEs

41
SUMMARY OF HEAT BALANCE TERMS

3-3
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CONTENT OUTLINE Arik
--

Coihrse: 427, Combustion Evaluation
Lecture me: Fundamentals of Combustion II-

; I

I Introduction and Definitions
A. State the lesson objectives
B. Sensible and latent heats
C. Heat content or enthalpy.
D. Heat of reaction

1. Standard heat of combustion
2. Gross or higher heating value (HHV)
3. Net or lower heating value (LHV)

E. Available heat
F. Hypothetical available heat

II Heat Balance Calculations
A. Concept of a heat balance

1. Terms included and their interrelations
2. Determination of heat contents of various Streams.

a. By calculations using heat capacities, etc.
b. From tables

3. System efficiency
B. Determination of the available (useful) heat

1. By calculation from heating values and heat contents
of all streams.
a. Heating value of various fuels, e.g. Dulong

formula
b. Heat content of multicomponent gas streams

2. Approximations of available heat
a. For typical hydrocarbon fuels
b. For some specific fuels ,

c. Estimates for ether fuels
3. Available heat with excess air

a. As percent of gross heating value
b. Excess air decreases maximum flue tempera-

ture
4. Hypothetical available heat

C. Furnace losses
1. Incomplete combustion losses
2. Flue gas losses
3. Radiation and wall losses
4. Total losses ase at a mimimum

a. With good mixing at stoichiometric air/fuel
ratio

b. With poor mixing at some excess air
D. Adiabatic flame temperature

1. Definition
2. Calculations and typical values

a: With air as source of oxygen
b. ,OWith pure oxygen

3. Consequences of heat removal failure

Thermochemical calculations are essential to determine the
efficiency of a combustion process and the amount of fuel necessary
to meet a specified load. They will also permit calculations of

3-4
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Refer to Manual,
Chapter 2
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Course: 427, Combustion Evaluation kAto!
Lecture rifle Fundamentals of Combustion II- 'Sty
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c0

Rel4tions

the auxiliary fuel requirements in installations where combustion
is used for pollution abatement, as in afterburners.

The effect of the air-to-fuel ratio on the various heat losses was
discussed. Minimizing flue losses due to incomplete combustion,
excessive amounts of combustion air, and excessiy90,411.94 flue
gas temperatures will not only conserve fttel, blItJWitTliso help
to alleviate the air pollution problem by reducing the stack
emissions.

3-5
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TPIPININO 8NOTITUTO

TOM: Film "Three T's of
Combustion"

COURSE: 427, Combustion Evaluation
LESSON TIME: 30 min.
PREPARED BY- CATE

L. U. Lilleleht Sept. 1978

Lesson Number: 4

Lesson Goal: To reinforde the students understanding of the fundamental com-
bustion concepts, particularly as these relate to the design variables of
coMbustion time, temperature, and tuibUlence.

Lesson Objectives: At the end of this film, the student will be able to:

list the chemical elements which combined with oxygen when fuels burn;

list the four items necessary for efficient combustion; and

describe qualitatively the interrelationships between time, temperature,
turbulence, and oxygen required for proper combustion of a given fuel.

Student Prerequisite Skills: First-level college chemistry.

Level of Instruction: Undergraduate engineering or equlvalent.

Intended Student Professional Backgrounds: Engineers, technical sta4f, regula-
-fory officials, and others who Work in combustion-related areas of air
pollution control.

Support Materials and Equipment:

0 1. Film: "Three T's of Combustion"

2, 16 mm sound movie projector with a 12-inch-diameter take-up reel

Special Instructions: None

References:

1. Copbustion Evaluation in Air Pollution Control, Chapter 2.

4-1
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NOTES
Caillse: 427, CoMbuttion Evaluation

v.
Lectifire Title: Film "Three T"'s of Combustion 474tpliet-

-

I. Introduction
A. State the objective of the film.
B. This movie shows how to obtain efficient burning without

black smoke. Professor Miller starts Out to define and
discuss combustion, the Btu, and heats of combustion
of various fuels. He then uses a modified kerosene lamp
to illustrate the importance of sufficient oxygen, tem-
perature, turbulence, and time for obtaining efficient
combustion.

C. Parts of a kerosene lamp are used in the demonstration:
glass container for fuel, wick, grate, diffuser or

%.1

tuyere, and lamp chimney.
D. Conditions producing inefficient burning:

1. ,No tuyere-- lack of mixing (turbulence)
2 No chimney too much cool air (time and temperature)
3. Cold chimney low temperature in combustion zone
4. Too much air wasted heat
5. ToO little air-- unburned fuel, smoke

E. Methods to increase air and eliminate smoke:
1. Taller chimney increased draft
2. Aaise bottom of chimnby overfire air

ee T's ofThr
II. "Three T's of Combustion" Film: "

Combustion"
III. Discussion of comments and questions raised by viewers
rv. Summary of application of the 3T's to furnaces

A. To complete.combustion of any fuel, one 6eds:
1. Sufficient oxygen
2. Adequately high temperature
3. Sufficient turbulence for mixing
4. Sufficient time
The effects of these factors are interrelated. For exam-
ple, higher temperature and better mixing wOuld permit
completion of the combustion process in shorter time.

B. TO increase temgerature:
1. preheat combustion air
2. Insulate combustion chamber
3. Design chamber to rsialrat heat inward

C. To provide turbulence uses1
1. Air jets
2. Baffles

D. To provide adequate time:-:

1. Properly designeirEcombustion chamber
2. Baffle design
3. Reduced firing rate

E. Items to check if there is a smokey flame:
1. Too little air

/s
2. Too much air

.3. Inadequate mixing
4. Cold furnace

4-2 '0
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Reaction Kinetics

COURSE: 427, Combustion Evaluatiod
LESSON TIME: 50 min.
PREPARED BY: DATE

L. U. Lilleleht Oct. 1978 4'

=l
0

Lesson Number:

Lesson Goal: To provide the student with an understanding--6f the influence of
temperature°and reactapi gas concent2atiops on the equilibrium state and on
the rates approaching that-Osa equilibrium in combustion reactions. ,

-4 ....
Lesson Objectives: At the end of this lesson the stude t will be able to:

recite the conditi9ns for equilibrium;
st -

describe how In excess quantity of one reactant will affect other concen-
trations at tullibrium;

cite -the expression for the rate of reaction;

identify the Arrhenius equation as a model for the influence of temperature
on combustion rate;

: 4-
define the activation meirgy;

describe the.,mechanism alytic aCtivity; and

list the reasons for the deterioraiQn of.cMalytic activity.

Student Prerequisite Skills: College chemistry and algebra, Course No. 427,
Lesson Number 3.

Level of Instruction: Undergraduate engineering or equivalent

Intended Student Professional Backgrounds: Engineers, technical staff, regu-
'latory officials, and others who work in combustion-rglated areas of air
pollution'control.

Support Materials and Equipment:

1. Slide projector

2. Slide set for Lesson 5.

5-1 6
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Special Instrut7tions: None

References:

1. Combustion Evaluation in Air Pollution Control, Chapter 2.

2. Edwards, J. B., Combustion: The Formation and Emissions of Trace Spe-.

cies, Ann Arbor Science Publishers, Ann Arbor, Michigan (1974).

5-2
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SLIDE NUMBER TITLE OF SLIDE

LESSON 5: REACTION KINETICS

427-5-1 CHEMICAL REACTION RATES

427-5-2 EQUILIBRIUM CONDITIONS

427-5-3 TRANSITION STATE CONCEPT

#27-5-4 TEMPERATURE EFFECT ON REACTION RATE

427-5-5 TYPICAL CATALYSTS AND THEIR SUPPORTS

427-5-6 STEPS IN CATALYTIC REACTION SEQUENeE

427-5-7 SCHEMATIC OF THE CATALYTIC REACTION SEQUENCE

427-5-8 ARRHENIUS PLOT WITWAND WITHOUT CATALYST

427-5-9 DETERIORATION OF PLATINUM CATALYTIC ACTIVITY

5-3



CONTENT OUTLINE
Course: 427, Combustion Evaluation
Lecture 77fle: Reaction Kinetics

41'

PROI+1:4t

I. Introduction
A. State the lesson goal and" objectives
B. Discuss general concepts of chemical reactions:

1. Not as simple as equation implies
a. Often a sequence of steps
b. Intermediate steps not always shown

2. Not always complete
a. Usually there is also a reverse reaction

3. Law of mass action gives the rate of reaction as
proportional to:
a. Concentrations of reactants
b. Coefficient of proportionality in the reaction

velocity constant, k
II. Chemical Equilibrium

A. Present the conditions of equilibrium
1. No change in concentrations with time
2. Forward and reverse reaction rates equal

B. Introduce the equilibrium constant, K
1. Interrelation of concentrations

a. nxcess of one reactat reduces concentration of
the other

b. Rationale for excess air in combustion
III. Reaction Mechanism Transition State Theory

A. Describe how a reactlon proceeds through an activated
complex (Transition State)

B. Mention that reactants and products each have a distri-
bütion of energbstates about some mean level
1. For exothernic reactions,products are at lower mean

level than reactants
2. Difference in mean energy states is the heat of

reaction (combustion)
3. Spontaneous reactions do not occur for all exo-

thermic cases at any temperature. Why not?

C. Discuss the transition state (activated complex) between
reactants and products:
1. At higher energy than either reactants or products
2. Activation energy is the difference between energy

of the transition state and the mean of the reactants
3. Formed on collision of reactant having sufficiently

high energies (equal to or exceeding that of the
transition state)
a. Only a small fraction of molecules have such

energies
b. This fraction increases with increasing tem-

perature
4. Activated complex is unstable, therefore, there are

two options:
a. It breaks up to form products
b. It breaks up to give original reactants

\
D. Present reaction rate expressions

1. Temperature effect through the velocity constant, k \. Slide 427-5-4

2. Arrhenius equation for k
a. Plot of log k vs. 1/T (Arrhenius plot)
b. Slope proportional to activation energy

Plage 4 of 5

NOTES

Slide 427--1

Slide 427-5-2

Slide 427-5-3
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CONTENT OUTLINE

07urse: 427, Combu5t4on Evaluation

Lecture Title: Reaction Kinetics. 41 PRO*"

Alge of

NOTES

rv. Reaction With catalysts
A. Discuss the nature of catalytic activity

1. Definition of a catalyst

a. Reaction occurs on catalyst surface

b. Increased rate
c. Amount produced and equilibrium unaffected

2. Steps in surface-cptalyzed reactiohs;

a. Diffusion to surface

b. Adsorption of reactant(s)
c. Reaction on surface
d. Desorption of product(s)

e. Diffusion to bulk

B. Consider effect of a catalyst:

1. Lower apparent activation energy

a. Lower slope of Arrhenius plot

2. Comparison of reaction rates with and without cata-

lysts
a. Catalyst gives same rato /A,lower,temperiture

b. Catalyst gives higOei. 14a4ait Oppoli4ture

C. Describe the deterioration of catalytic activity from:

1. Poisoning
a. Heavy metals
b. Phosphates .

c. Arsenic compounds
2.' suppressants

a. Halogens
b. Sulfur

3. Fouling agents
a. Alumina and silica dusts
b. Iron oxides
C. Silicones
d: Carbon deposits and soot

e. Dirt and grime

5-5

Refer also to
Manual, Chap.13

Slide 427-5-5

Slide 427-5-6
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LESSON PLAN
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AM POLLUTION
TPA1NINO morrerarre

TOPIC: Fuel Properties

COURSE 427, Combustion Evaluation
LESSON TIME. 40 min.
PREPARED BY: DATE

J. T. Beard Aug. 1978

Lesson Number: 6

Lesson Goal: The goal of this lesson iseo provide the student with an under-
standing of the various physical and chemical properties of fuels which in-
fluence pollutant.emissions and are important for combustion system design
and operation.

Lesson Objectives:

-4*

At the end of this lesson the student will be able to:

state the important chemical properties which influence ir.pollutant emissions;

use the tables in the student manual to find representa ive values for given
fuel properties;

describe the difference in physical features which limit the rate of com-
bustion for gaseous, liquid, and solid fuels;1

explain the importance of fuel properties such as flash point and upper and
lower flammability limits which relate to safe operation of combustion
installations,.

use either specific or API gravity to determine the total heat of combustion
of a fuel oil;

describe the influence of variations in fuel oil viscosity on droplet forma-
tion and on completeness of combustion and emissions;

list the important components in the proximate and ultimate analyses;

define "as fired," "as received," "moisture free," and "dry'basis" as applied
to chemical analyses of solid fuels; and

explain the significance of ash fusion temperature and caking index in the
burning of coal.

Student Prerequisite Skills: -First-level college ch physics (heat).

Level of Instruction:- Uddergraduate engineering or equivalent



Intended Student Professional Backgrounds: Engineers, technical staff, regu-
latory officials, and others who work in combustion-related areas of air
pollution control.

Support Materials and Equipment:

1. Slide projector
MI6

2. "Slide set for-Lesson 6

Special Instructions: None

-Peferences:

1. Combustion Evaluation in Air PCliution Control, Chapter 3.

2. Fryling, G. R., Combustion Engineering, revised edition, published by
Combustion Engineering, Inc., 277 Park Avenue, New York 10017

vog (1966).

3. Steam, Its Generation and Use, 38th Edition, published by Babcock and
Wilcox, 161 East 42nd Street, New York 10017 (1972).

A

4

.
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SLIDE NUMBER . TITLE OF SLIDE

LESSON : FUEL PROPERTge

427-6-1 GASEOUS FUELS RAVE RATE OV COMBUSTION

427-6-2 HIGHER HEATING VALUE

427-6-3 LOWER HEATING VALUE

4y-6-4 API GRAVITY

427-6-5 APPROXIMATE VISCOSITY OF FUEL OIL

427-6-6 PROXIMATE ANALYSIS OF SELECTED COAL -*41

427-6-7 ULTIMATE ANALYSIS OF SELECTED.COAL (AS RECEIVED)

427-6-8 ULTIMATE ANALYSIS OF SELECTED COAL (DRY BASIS)

427-6-9 SELECTED SIZE DISTRIBUTION AND MOISTURE OF HOGGED FUELS

at
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CONTENT'OUTLIN (ttt)Course: . 427, Combustion Evaluation
4,p -

Lecture 771/0: Fuel Properti.: Pablt

I. Introduction -

A. State the lesson objectives
B. Describe the following fuel properties and introduce their

influence on pollutant emissions

1. Sulfur
a. Present in organicrsulfidepor sulfate forms

'b.' Give examples to show how sulfur content varies
with fuel, source, and amount of cleaning or

: refinery lirocessing It

c. Introduce atidit emiss onsc*hich cuase corrosion
in economizers,, lir heaters, and air ducts.

2. Fixed-citrErged
a. Giita ranges of content in coal and oil

b. Introduce fuel
c. Explain why hig nitrogen 4n natural gas dbes

not for, fuel
3. Other impurities.

a. State examples: vanadium, sodium, and mercury

4. Volatile matter, fixed carbon, ash

5: Moisture
Give:examples of the most common solid,4liquid, and

gaseous fuels
1. Gaseoue fuels (natural gas, propane, butane)
2. liquid f .(No. 2 fuel oil, No. 6 fuel oil)

3. Solid f cbal, hogged fuel, municipal solid ;este)

D. Explain th on the rate of combustion

r. Gaseous US is limited by turbulence (mixing of fuel
4

and air)
27 Liquid fueisAimited by evaporation which is'depen-

,
dent on /Nall surface area

, 3. Solid &mils llmited by dietillation of volatiles
and diffutOn of 02 to silrface of fixed carbon

\E. Define,,give ektiMpie values for gas, oil, and coal,,and
explain the method used to determine
1. Higher heating value, gross heat of combustion,

gross calorific value, total heat of combustion

2. Lower-heating value, net heat of combustion

3. Constant volume versus conptant pressure values

F. Review the upper and lower falmmability ltmits and disc-

cuss their application fo avoid explosions

II. Gaseous Fuels
A. Describe the characteristics of natural gas

1. Mixtures of gaseous components, mAinly

methan
2. Higher heating valu around 1,000 Btu/sof

3. May cont'ain sulfur when delivered from gas"well,

'typically removed before transmission

4. Usually contain:It tracemercaptan additive for odor

.
detection q leaks

v. B. Give exampie compositions and.heating values for various

ksynthetic'gassous fuels

6-4
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NOTES

Slide 427-6-1

Slide 427-6-2'

Slide 427-6-3
f.

.ket'e

Refer to Student
'Manual, p. 3-11



CONTENT OUTLINE
nuirse: A27, Combustion Evaluation

Lecture Title: Fuel Properties
c6k

)4( PROS-

Page of

NOTES

A

1. Liquified Petroleum Gas,
a. Blend of paraffinic

(prlOpane, isobutane,

b. Derived from natural
refinery' operations

c. Gaseous under normal
but"may be liquefied
(30-200 psig)

d. -Heating val6e (2,500
2. Gases derived from coal

try) generally burned on
a. Coke-over gas
b. Blast furnace gas.
c. Producer gas

3. Synthetic gases from petroleum refineries
a. Varlous blends of byproduct gases; heating

value which depends on "Composition

id Fuels
Discuss crude oil
1. Combustible hydrocarPon mixture as delivered trom

oil.well
2. Potential explosive problems when used as fuel, due

to low flash point volatiles
3. Used as refinery feed-stock to produce fuels, sol-

vents, chemicals, plastics, synthetic rubber, etc.
Describe the dintinguishing characteristics of fuel oils

of different grades
- No. 1 fuel oil, a distillate oil intended for

vaporization pot-type burners and other burners
requiring a light distillate fuel
No. 2 fuel oil, a heavier distillate oil typically
used for domestic heating
No. 4 fuel oil, a light residual fuel for'inter-
mediate bbrners not equipped with preheating facili-
ties

- 'No. 5 fuel oil, a residual fuel oil which, depend-
ing on the blend and climate, may require heating
prior,to burning

- No"... 6 fuel oil (Bunker C), a heavy residual fuel
which requires heating for both pumping and burn-

ing (atomization)
Describe similarities of diesel and station,ary

gas' turbine engine .ftels

1. Define,.give examples, and state the air pollutant

influence of
a. Cetane numbellt

b. Distillation temperatures for different fractions

Define, give expimple values, and descrilgrthe importance

of.the fdllowing fuel oil properties
1. Bpecificjgravity and API. gravity

2. Heating value

LPG
(saturated) hydrocarber6
and normal butane)
gas and from petroleum

atmospheric conditions,
under moderate prensure

to 4,000 Btu/scf)
(metals or chemical indus-

site as heating fuel -

a. Describe relationship to gravity

-11

Refer to Student
Manual, p. 1-12

Refer to Student
Manual, p. 3-13

Slide 427-6-4

Refer to Student
Manual, p. 3-14
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Course: 427, Combustion Evaluation

Lecture Title: Fuel Properties
-45t
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Page 6 of 7

NOTES

b. Use examples of a No. 6 fuel.oil with specific
gravity of .9861, containing 18,640 Btu/lb,
and a No. fuel oil with specific gravity of
.8654, containing 19,490 Btu/lb

3. Flash point
a. Contrast with fire point (ignition temperature)
b. Illustrate the concern about the explosion poten-

.

tiel of a No. 2 fuel placed in the typical heated
thank for No. 6 fuel oil

4. Viscosity
a.1 Explain the variation with temperature
b. State that No. 5 and' No. 6 fuel oils require

heating for atomization and/or pumping

*1. O. Note th 'high viscosity at the burneecauses
large 1roplets to be formed. Incomplete
combustion may occur (inadequate time (or com-
bustion, evaporation limited due to unfavorable
area to volume)

5. Pour point
6. Fuel oil additives to be discussed in Lesson 18

IV. Solid Fuels
A. Coal is most abundant energy resource

1. Describe coal classification
a. Anthracite and Bituminous coals classified

acdording to fixed carbon
b. Subbituminous and lignite coals classified

according to heating value (generally)
2. Define and give example of ultimate analysis

a. Used,in computing air requirements and pollutant.
emissions

3. Define and give example of proximate anlAysis'
el/ 4. Contrast the definitions and uses of analyses which

are on an "as received" (in the laboratory) basis
with a "moisture free" or "dry" basis (without
influence of moisture,which varies with handling
and exposure conditions) Nek

5. Define and describe the tests-for surface moisture
and for total moisture

6. Give example values for moisture, volatile matter,
fixed carbon, sulfur, and ash contents
a. Eastern bituminous coal
b. Western subbituminous coal
c. Lignite

7. Deacribe.and give examples of sulfur composition in
coal
a. Organic form, 30 to 70% of the sulfur
b. Metal sulfide form (pyrite and rcasite), 40

to.80%
c. Metal sulfate form (gypsum an barite), very

small percentage
8. 'Describe the influence of coal cl ening on sulfur

removal

for6

Refer to Student

Manual , p 3-15

Slide 427-6-5

Refer to Student
Manual, p. 3-18,
3-19.

Slide 427-6-6
Slide 427-6-7

Refer to Student
Manual, p. 3-21

Refer to Student
Manual, p. 3-20
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Lecture Title: Fuel Properties mwi*

CWrse: 427, Combustion Evaluation
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NOTES

9. State the distinguishing features of the following

characteristics
a. Ash softening temperature

Initial deformation temperature
Ash.fusion temperature (fluid temperature)

b. Free swelling index
C. Caking coals (agglomerating index)

vd.. Free burning coals
Grindability index

B. State how coke is formed and provide examples of
chemical analysis and heating value

C. Provide examples of the chemical and physical composi-

tion of wood and hogged fuel

D. Describe the source and the fuel properties of

bagasse
l

1. 40 to 60% moisture frnr1 gaMI cti
.

E. Prespft the chemical and physical descriptions of the

conitituentS of municipal solid waste
1. Combustibles are mainly paper
2. Moisture content around 20%, depending on weather

exposure
3. Noncombustibles and moisture may be removed to

improve the heating value of the material

4

.e.
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Refer to Student
Manual p. 3-22

Slide 427-6-8
Slide 427-6-9
Refer to Student
Manual,. p. 3-23
Refer to Student'
Manual, p. 3-24,

p. 3-25



LESSON PLAN

MP POLLUTION
TRAINI NO INSTITUT.

TOPIC: Problem. Session 1:
Combustion Calculations

COURSE 427, Combustion Evaluation
LESSON TIME 70 min.
PREPARED BY DATE

L. U. Lilleleht Oct. 1978

AW
0
1:

Ai< PRO.10

Lesson Number: 7

Lesson Goal: TO assure the student's ability to perform computations which
make use of combustionjundamentals as applied to the determination of
air requirements, flue gas characteristics, and heat available from burn-
ing a given fuel.

Lesson Objectives: At tlie end of this lesson the student will be able to:
re' -ti

determine the amount of air required for complete combustion of various
fuels;

determine the heating values of various fuels anti, mixtures of combustibles;

determine the quantity and the composition (by weight and by volume) of
flue gases;

calculate the enthalpy of gas streams at various temperatures;
fl

perform heat balance calculations on combustion processes;

establish tale quantity of heat available for some useful purpose as a
function of flue gas exit temperature;

determine the thermal efficiency of a combustion process; and
C.,

estimate the effect of combustion air preheating on the thermal effi-
ciency of the process.

Student Prerequisite Skills: First-level college chemistry, algebra, physics
(heat); lessons 2, 3, 6.

Level of Instruction: Undergraduate engineering or equivalent

Intended Student Professipnal Backgrounds: Engineers, technical staff, regu-
latory officials, and others who work in combustion-related arps of
air pollution control.

7-1



Suppott Materials and Equipment:

1. WOrkbook for Combustion Evaluation in Air Pollution Control, Chap-
.

ter T.

7. Blackboard and chalk or an overhead projector with transparency
material and pens.

3. Hand-held calculator or slide rule.

Special Instructions: Assign problem 1.5 for homework.

Reference: Combustion Evaluation in Air Pollution Control, Chapter 2.



CONTENT OUTLINE
nwrse: 427, Combvstion Evaluation

Problem Session
Lecture Title:

Combusticn Calculations Psol*.c)

NOTES

I. Introduction
A. State the goals and objectives of this lesson
B. Goals are to be achieved by:

1. Instructor working through and discussing Problem 1.1
add Problem 1.3.

2. Students working problems independently
a. In class: Problem 1.2 and 1.4'
b. Homework assignment: Problem 1.5

3. Discussion of solutions of problems
II. Plroblem 1.1: Combustion of No. 6 Fuel Oil

A. Present the problem statement:
Assume perfect combustion of No. 6 fuel oil with
stoichiometric air.
Predict:
1. The gravimetric analysis (weight percent) of the

flue gases
2. Teetal volume of glue gases (at 500°F and 1 atmos-

phere) per pound of oil burned
3. Volume percent of CO2 in dry flue gases

B. Present, as given: the gravimetric analysis of this fuel
oil:

88.52% catibon
10.87% hydrogen
0.40% sulfur
0.10% nitrogen
0.06% oxygen
0.05% ash

C. Decide on basis for calculations-- unit mass
D. Determine the maps of gaseous combustion products from

the ultimate analysis
E. Calculate the volume oft

1. Individual combustion products
2. TOtal volume

a. At standard conditions
b. At actual conditions

3. Dry flue gas volume at standard conditions
F. Determine the ultimate percent CO2
G. Didcuss the significance of these results
H. Outline how similar calculations could be performed

for gaseous and solid fuels
III. Problem 1.2: COmbustion of Gases

A. Present the problem statement:
Consider a gaseous fuel composed of 60% H2 and 40% CH4
by volume
DeterMine:
1. The volume of air required for complete combustion

of 1,000 scfm of the above gases with 100% theoretical
air.

2. The pounds of air required for burning 1.00 pounds
of fuel.

3. The volumetric analysis of flue gases (products),
including water vapor (assume no water is condensed).

Refer to Student
Manual, p. 2-23,
Attachment 2-1.

Refer to perfect
gas law in Student
Manual, p. 2-24.

Compare with value
obtained uSing
Student Manual,
p. 2-30.



CONTENT OUTLINE
Course: 427, Combustion Evaluat on

Lecture Tille:
Problem Session I:
Combustion CaiculatiOn$

/17918 4 of

4. Ttva gravimetric analysis of the reactants (fuel gas

and air mixture).
5. The partial pressure of the water vapor in the flue

for a total pressure of 14.7 psia.

B. Solution is to be computed by students during class

C. Present and discuss solution
1V. Problem 1.3: Available Heat

A. Present the problem statement:
Consider a boiler which burns 10,000 standard cubic feet
per hour of a waste gas with higher heating value of

258 Btu/scf.
Determine:

1. The gross heating value per hour for complete com-
bustion.

2. The available heat if the flue gases leave the boiler
heat exchanger at 500°F and complete combustion is
achieved with theoretical combustion air.

3. The available heat from the same boiler if 20%
excess air had been used and flue gas exit tempera-

ture was still 5000F.
B. Choose a basis for calculations unit time.
C. Determine the gross heating value.
D. Illustrate the use of Attachment 2-9

E. Discuss effect of excess air
F. Outline how more accurate estimate of available heat

could be obtained from heat balance calculationar based

on enthalpies of all streams and heating value of the

fuel
V. Problem 1.4: Liquid Waste Combustion An Natural Gas-Fired

Boiler
A. Present the problem statement:

Combustible liquid waste from a manufacturing process is .

to be burned in a boiler which is fired with 1,059 Btu/scf
higher heating value natural gas at a rate of 5,000 scfh.

The liquid waste is equivalent to 16 lb/h of benzene.

Determine:
1. The total gross heating value to the boiler per hour.

2. The amount of combustion air required to burn the_

waste liquid. Assume a 20% excess of theoretical
air and express your results in scfm.

3. The amount of available heat from the boiler.if the

flue gases leave the heat exchanger at 600°F and

complete combustion is achieved with 20% excess air.

B. Present the flow diagram
C. Solution by Students
D. Discuss solution

1. Gross heating value: sum of HHV for gas and waste.

2. Air requirement
a. Theoretical for gas and waste

b. Add 20% for excess air
3. Available heat

7 t;
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Refer to Student
Manual, p. 2-31,

p. 2-32,
p. 2-28.

Refer to Student
Manual, p. 2-23.

Refer to Student
Manual, p.
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VI. Problem 1.5: Combustion Calculations with Heat Recovery

A. Assign this problem for homework
B. Discuss flow diagram.

mole Review problem statement:
A chemical plant has installed an industrial boiler to

produce process steam. The boiler is fired with natural

gas of the following composition by volume: 96% methane,

5% ethane, and 5% nitrogen. The boiler is designed to

burn 80,000 cubic feet per hour (delivered at 60°F) of

natural gas at 10% excess combustion air.
Determine:
1. The gross heat input tO the boiler, BTU per hour.

(AssumpLtions: (a) Natural gas and combustion air
enter the boiler at 60°F; (b) heat lossqe from the

boiler due to radiation and convection are negligi-

ble.)
2. The combustion air reqpirement, cubic feet per hour

riat 600F, 30 inches mercury pressure). Assume

average atmospheric conditions are 60°F.and 30 inches

.mercury pressure.

3. The available heat-for process 4team.if the flue

gases leave the boiler heat excflanger at 400°F.

H.R.

If
The personnel of the chemical plant hre now considering

the addition of an air preheater to the boiler to preheat

combustion air. Calculations show that the flue gases
leaving the heat exchanger section would enter the air

pfeheater at the following conditions: 1,500,000 cubic

feet per hour at 400°F. The air preheater will be -

designed to reduce the flue gas temperature to 350°F.

At conditions.of complete combustion, calculations show

the flue gases entering the air preheater to be of the

following composition by volume: 8.8% CO9, 1.7% 02,

72.3% N2,and 17.2% 1-120. (Note:. Calculations show the

water vapor flow rate in the flue gases equals 7,400 lbs.

per hour.)

DeterMine:
4. The heat recovered (H.R.) .from the flue gases by the

air preheater based on the flue gas analysis and
flue gas flow rate. (Note: Use Equation 1 shown

below.)
5. The increase in combustion air temperature resulting

from_the use of an air preheater. (Note: Use

Equation 2 shown below.)
6. The combUstion air temperature after passing through

the air preheater.

(flow rate of each component) x (difference
in heat content of each)

(1)

H.R.Jux.0.241/taxtemperature' increase x air flow rate (2)
lbur

7-5'
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CHAPTER I

COMBUSTION CALCULATIONS

PROBLEM.I.1: Combustion of No. 6 Fuel Oil

Assume.perfect combustion of No. 6 fuel oil with stoichiometric air,
The gravimetric analysis of a sample of this fuel oil is:

88.52% carbon
1Q.87% hydrogen
0.40% sulfur
0,10% nitrogen
0.06% oxygen
0.05% ash

Compute:

1. The gravimetric analysis (weight percent) of the flue geses
A.

2, Total volume of fide gases (at 500°F and 1 atmosphere) per
pound of oil burned

3. Volume percent of CO2 in dry flue gases

Solution to Problem 1.1:

Select ai a basis for calculation: 100 lbs.of fuel oil burned. This is
chosen for convenience as the gravimetric analysis will give the amounts
'of various elementq directly. Answers can easily be scaled to the 1 lb.
of oil as required in Part 2.

0 A tabular form of solution ib presented on the hext page, as this will
. (i) help to organize thinking, (ii) permit presentation of results in
a compact format, and (iii) avoid confusion

'11
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TABLE 1.1

FUEL COMB. AIR REQ'D

Element

(a)

M.W.

(b)

Quantity
lb. lb-mole
(c) (d)

02 N 2
lb-mole lb-mole

(e) (f)

Cmpd.

(g)

12 88,52 7.30 7.38 27.8 CO2

112 2 10.87 5.44 2.72 10.2 1120

32 0.40 0.012 0.012 0.045 SO2

.02 32 0.06 0.002 -0.002 -0.007 02

I-4 N2 28 0.10 0.6036 N
2

13
Ash 0.05

'Ibtal 100.00 12.11 38.94

481.15

Notes for Column Headings:

(c) From.gravimetric analysis of fuel

(d) (b) x (c)

(e) From basic chemistry, i.e.:

C + 02 + CO2

H2 APD2 H20
S + 02 + -S02

Oxygen in fuel reduces air requirements.
Excess air, if any, is usually specified
as % of theoretical and added to the total.

7 9

FLUE PRODUCTS

0

M.W.

(h)

lb-mole

(1) (j)

wgt %
(k)

44 7.38 325 21.8

18 5.44 97.9 6.6
4

64 0.012 . 0.77 0.05

32

28 38.0 1064 71.5

50.8 1,488 99.95

(f) = (0.79/0.21) x (e)

(g) Products corresponding to complete combustion
of various 'coxidiiable elements in the fuel

(i) Pound-mple
combustibl
ohly if ex
total

f products from th, amount of
n (d). Note that oxygen present
s air added, and nitrogen is the
including any from excess air.

(1) ) x (i)

(k) = (j) x 100/E(j)

0



Gravimetric analysis of fWe gaseb given by Column (k) of the table.

Part 2.

Ideal gas law used to eah:ulate the volume of flue gases (Equation 2.( ,

p. 2-R of the Student Manual).

V = n RT

where,
50.8 lb-moles flue gases

100 lb oil

from Table 1.1

= 0.508 lb-moles/lb

= 0.7302 atm-ft3/(1b-mole °R)

from:Attachment 2-2, p. 2-24 of the Student Manual

= 500°F + 460 = 960°R

p = 1.0 atm.

V = (0.508) (0.7302) (906)/(1.0) = 356 ft3

Part 3.

Dry flue gases (from Table 1.1)

Compound lb-moles

CO
2 7.38

SO
2

0.012

,

0
2 -

N
2

38.0

Total 45.4 lb-moles

Vol. % CO2 = 7.38 x 100 / 45.4 = 16.3 %



PROBLEM I.2: Combust ion 01 Gases

Consider a gaseous fuel composed of 60% 1!2 and 40% (114 by volume..

Determine:-

1. The volume of air required for complete coMlAiiion of 1,000 scfm
of the Above gases with 100% theoretical-aCe

2. The pounds of air requfired for burning 1.00 pounds of

I 3. The yolumetric analysis of flue gases (proAucts), includi
_ water vapor (assume no water is condensed)

411

4. The gravimetric ahalysis of'the reactants (fuel gas and air
mixture)

fl
5. The partial pressure of the water vapor in the flue for a total

pressure of 14.7 psia

Solution to Problem 1.2:

Complete and balahce the combustion equation using 1 lb-mole of gas
as the basis.

0.60 H2 + 0.40 CH4 + a 02 + b N2 c CO2 + d H20 + b N2

To balance the equation c = 0.40

d = 0.60 + 2 (0.40) =

a = c + d/2 = 1.10

b = (0.7970.21) a

Thus:

1.40

4.14

-

(A)

1.10 0 + 4.14 N 0.40 4. 1.40 H20 +0,60.112 + 0.40 CH + 4.14 (B)
4 2 2

Rel.
0.60 0.40 + 1.10 + 4.14 0.40 1.40 + 4.14 (C)

Volumes:

5'.25

(1-4)
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a

I

Rei .

Mass: 1.20 + 6 . 4 . 3 5 2 4 114.9

4,4 7.60
.

,

, ..

Part 1. -. .--,

.'

17.6 25.2 +

From EquAtion (C)- note that"' 5.24 volunies of air rTquired for complete
çornbustipq ofA volumes of this fuel :ga's..

. .. .
'Therefore: ..r. -

,

%

1.
,1,000

zi...
... .,,,

. 4
\Vol of air ,.= :(5.24 scfrn air/scfm g s.) (

. 1
,. , - i

Another approacii'VktkeW-4,:W Of 'Equation 2A, p. 2-7
which for gases cont.a444. only H2 and CH4 redtices

A, (614). 2.38 (H2)V t
.

rz1/43

, --, 4

where ,,. (H2) = .:40

'4 .A..
(CH4) = Q . 60

'VAt = 2.38 (- 0.40 ),

" .

scfm gas) = 5,240

-

of the Student Manual
to.:

5.24 scf air/ scf gas
...

,' e
1

0
.10 whiChds the eame as obtained in the Preliminary Calculation (Equation C

above). ,,

..
. . . 1 N ,

,,- ,r

) Part 2.

51'. 1From Equation D aboved71.60. lb. of fuel gas. renidres, .

..

,

Air required pee paind of 4as burned N=
.

'

b. air..

.( 151.1 lb. air.)/7.63 11?.-gas

,
t

.
4

. , .
s '' 19.9

, ...lzb air/lb. gas

. 6.s
n

. f

I

4

(D)

scfm air

I



.
Part 3.

From,Eguation (C) above, total volume ofiflue products is:

0.40 1.40

CO 1120

4- 4.14 ,=

N2

of flue products:

% C0.2 =

5.94

100 / (Result of Equation F above)

H
2
0 = 1.40 x 100 / ( 5.§4 ) 23.6

% N2 = 4.14 x 100 / ( 5.94 ) = 69.7 %

,

.part 4.

'Tabulate the left-hand side of Equation (B) above:

Reactan
4.

H
2

CH4

02

N2

Relative Mass

1.20

6.40

35.2,

115.9

-A

Wgt. %

0.76

4.03

,22.18

73.03

Total
158.7 100.0

6.7 %

4

Note: Wgt. % of Reactant i = (Mass Pf i) x 100 / Total Mass

Part-5.

_ V

Partial pressure of a gaseous component.is.giveriby Equation 2.9, p. 2-10
of the Stildent Manual.

6

`f M

\

=
p

(nit 0) (P)/netotal

I 0



where n = lb-moles or volume from Equation (C)

Thus:

11120

'PH20

= total pressure of flue products

( 1.40 lb-moles 1120) (14.7 psia) / ( 5.94 lb-moles of flue gases)

3.46 psla _

tr.



PROBLEM 1.3: Available `Heat

tConsider a boilet which huins 10,000 an(ard ci lc feet per hour of a
waste gas with higher heating value of 258 Btu/sc

Determine:

1. The gross heating value per hour for complete combustion

2% The available heat if the flue gases leave the boiler heat
exchanger at 500°F and complete coMbustion is achieved with
theoretiqal combustion air

3. The available heat from the same boiler if 20% excess-air had
been used and flue gas exit temperature was,still 500°F

Solution to Problem 1.3:
S4

Part 1.

Gross heating value per hour (QH, litu/sgf) (Fuel rate, scf/hr) (A)

(258 Btu/scf) (10,000 scf/hr)

,F 2,580,000 Btu/hr

Part 2.-

Use Attachment 2-9, p. 2-31 of the Student Manual to estiM'ate the av0.1-

able heat, QA , from the above fuel with flue gases at 500°F.

InterpOlate between curvbs in Attachment 2-9 at identical flue gas tem-
peratures using the following ratio:

lb

Desired fuel Reference fuel

&loosing Producei. Gas,as the reference fuql:

(130/163) = 0.430
Ref. fuel, 5000F

(B)



With.waste gas: QH

QA

25R Btu/scf., from Equation (R) above:

- (259 Htu/scf) ((htu)) 206 Rtu/stf

Total heat available from waste gases = (10,000 scfh) (206 Btu/scf)

= 2,060,000 Btu/hr

Part 3.

Attachment 2-10, P. 2-32 of the Student'Manual, gives available heat as
the percent gross heating value with,various amounts of excess air,

With flue gases at 500°F and 20% excess air, read

(g)/QH ) x 100 = 79%

Thus, heat available per hour with 20% excess air is:

QA-N1 (79/100) (2,580,000 Btu/hr) = 2,038,000 Btu/hr

ee.

4

t
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PROBLEM 1.4:

t.

1"

Liquid Waste Combustion in Natural tas--Fi red Boi I er

11

Combustible liquid waste from a manufacturing process is to be burned
in a boiler which is fired with 1,059 Btu/scf higher heating value
natural gas at a rate of 5,000,scfh- The liquid waste is equivalent to
10 lb/h of beniene.

\is

Determine:

1. The total gross heating value to the boiler per hour.

2. The amount of comb6stion air required to burn the.waste liquid.
Assume a 20% excess of theoretical air and evress your results
in scfm.

3.. The amount of available heat from the boiler if the flue gaseS
leave the heat exchanger at 600°F and complete combustion is
achieved,..with 20% excess air.

Flow Diagram

<I ,

NATURAL GAS

, 5000 ft3/ hr

STACK GASES
& 600° F

WASTE
BENZENE

10 lb/ hr

H EaT AVAIltABLE

4



Solution to Problem 1.4:

Choose as a basis.

./

1 hour of operation.

Part 1.

N

Gross heating value of natural gas; gas
= 1,059 Btu/scf.

QN,
_ _

Gross heating value of benzene is obtained from Attachment 2-1, P. 2-23
of the Student Manual:

QH, benzene
18,184 Btu/lb,

Total gross heat input to the boiler is:

Natural gas (5,000 scfh) (1,059 Atu/scf) =

a
Benzene (10 lb/hr). (18,184 Btu/lb) =

ps,

Part 2.
1.

Total.

5,295,000

181,840

=. 5,477,000

Btu/hr

Btu/hr

Btu/hr

Attachment 2-1, p. 2-23 of the Student Manual, gives the combustf& air
.

requirement for benzene (Substance No. .21) as 13.30 lb air/lb benzene

ot 41.73 scf air/scf benzene.
%

Density of benzne. :is
0.2060 lb/scf.

pbenzene,

Theoretidal-a r-requirA to burn benzene. type waste completely_

V
A, t

/p ) (Theoretical scf air/gcf benzene)
. Denzener.benzepe

. 5
10 lb/hr 35.73 scf air/scf benzene)V

, A , t
s ( 0.2060 lb/scf benzene)

()

tY

1,730 .scf air/br

(r4-11) 89
.14



Air requirements with 20% excess air:

(l.20)ft( 1,710 scf air/hr) 2,080Vair scf air/hr

Part 3.

Refer to Attachment 2-10, p. 2-32,of the Student Manual. Read avail-
. Able heat as percent of gross heating value with flue gases at 600QF

and 20% excess air as 77

100-7-
i- i

.
< u,..._
w-i

600° F

4: Heat available,from the boilOr

4/A)

5,477,000 Btu/h;) ( 77 %/100) = 4,220,000 Btu/hr

[from Part 1]

0101

71,

[from Attachment 2-10]

(1-12) -

7717 t90

(f>



PROBLEM 1.5:

Part A

Combustion Calculations with Heat Recovery

A chemical plant has installed an industrial boiler to.produce process
steam. The boiler is fired with natural gas of the following composi-
tion by volume: 90% methane, 5% othane, and 5% nitrogen. The boiler
is designed to burn 80,000 cubic feet per hour. (delivered at 60°F) of
natural gils at 10% excess combustion air.

Determine:

1. The grossiheat input to the boiler, Btu per hour.
Assumptions: (a) natural gas and combustion air enter the
sboiler at 600F; (b) heat losses from the boiler due to
radiation and convection are negligible.

2. The combustion air requirement, cubic feet per hour (at 60°F,
30 inches mereury pressure). Assume average atmospheric con-
ditions areAD°F and 30- inches mercury pressure.

3. The avai/Aioatv*eat for"ptocess steaM'if the flue gases leave
the boileifhiiAt exchanger at 40577

Part B

The personnel of the chemical plant are now.considering the Addition of
an air preheater to the boiler to preheat Combustion air. Calculations
show that the flue gases leaving the heat exchanger section would enter
the air preheater at the following conditions: 1,500,000 cubic feet per

hour at 400°F. 'The air preheater will:be designed to reduce the flue
gas temperature to 350°F. At conditio-ns of complete combustion, calcu-
lations show the flue gases entering the air preheater to be of the
following composition by volume: -8781-7002, 1.7% 02, 72.3% N2, -and

17,11?% H20- (Note: Calculations show the water Irapor flow rate in the
fAll gases equals 7,400 lbs. per hotAr.)

Determine: 6

4. The heat.recovered (H.R.) from the flue gases !m.the air pre-7
heater.based on the flue gas analysis and flue gas flow rate.
(Note.: Use Equation-1 shown below.)

1

5. The increase'in combustion air temperature resulting from the
use of an air preheater. (Noke: Use Equation 2 shown below.)

6.. The combustion air temperature after-passing through tte_ air
preheater.

(1-13)

7-18



B.R. = y-\ (flow rate of each component) x (difference in
(1)

)eat content of each).

Btu
= 0.24

113 F
x temperature increase x air flow rate. (2)

now DIAM1 I.CR BOILER:
S.

Ca,LBUSTIoN AIR

allEUSTION

ZONE

STEAM

ILEAT

EXCIIANGIa 400°F

4 WATER

4

warm GAS

(1-14)

7-L9

1

500 ,000
f t3 /hr

AIR
PREHEATER

AMBIENT AIR

(60 °P

350°F

FLUE GASES.

8,8% CO2

1.7% 0
. 2

72 :3% N2

17.2% 1120 7400 lb/hr
%gm.



If

Solution to Problem 1.5:

Basis: 1 hour o.f oporation

Part 1.

Substance

(a) (b)
Volumetric
Flow Rate Gross Htg. Hea% Input

scfh Value, Btu/scf Btu/hr

Methane-- CH4 (0.90)(80,000) on 72,000 ; 1,012 72,860,000

Ethane -- C
2
H
6

(0.05)(80,000) 4,000 ; 1,773 7,090,000

Nitrogen-- N2 (0.05)(80,000) = 4,000 ; o

'Tbtals: 80,000 ,scfh 79,950,000 Btu/hr

Note: (a) From Attachment 2-1, p. 2-23 of the Student Manual.

(b) Obtained by multiplying volumetric flow rate by the
corresponding gross heating value.

Part 2.

Combustion air requirements:

Combustible Volume, Theor. Air* 'Actual Air (10% excess)
Substance scfh scfir/sCi gas scf air/scf scf air/hr

CH
4

C
2
Ft
4

72,000

4,000

9.53 10.48
h

755;000

16.68 , 18.35 73,000_
.3

.Tbital Air = 828,000 scfh

*From AttachMent 2-1, p. 2-23 of-the Student Manual.

4



Part 3.

For available heat as percent of gross heating value, use Attachment 2-10,
p. 2-23 of the Student Manual.

Read for 400°F flue gases and 10% excess air

Available heat from the boiler = ( 79,950,000 gross Btu/hr)( 83_ % gross/100)

7".

Part 4.

66,400,00Ct3tu/hr.

Need to calculate flow rate of combustion products in lb/hr. First correct
flue gas flow rate from 400°F to standard temperature of 60°F, using,
Charles' law (Equation 2.7, p. 2-9 of the Student Manual).

3v
flue 600F

iN= (1,500,000 ft /hr ,J460 + 60 0F) / (460 +
,

907,000 ft 3/h

.Mass flow rate of component = (volumelfraction) (total volume flow) (density)

Component
.

-

Fraction

,

Density

lb/ft3

---
Enthalpy,Bt6/115

Mass-Flow

lb/hr

at 400°F at 350°F
Btu/lb BtuOr Btu/lb Btu/hr

.

CO2

02 .

N
2

H
2
0

0.088 0.1170 9,340
r

75.3 0.703 x 106
.

'

63.7 0.594 x 106

0.017 0.0846 1,3.00 -76.2 0.099 x 106 64.8 0.084 x 106

0.723 0.0744 48,790 85.0 4.147 x 106 72.4 3.53 x 10b

7,400 .

a .

1,212 8.97 x 106 1,188 8.79 x 106

Total

,

1.00
,

.

66,830 H400 = 13.92 x 106 H350 = 13..00 x 1o6

Notes Denscties available from Attachment 2-1, p. 2-23 of the Stuaent Manual.
Enthalpies from 'Attachment 2-7, p. 2-29'of'the Student Manual.

p.

(1-16)

7-21



Heat recovered from cooling flue gases =
(11400 H 350

)

H.R. . Ail 13.92 x 106 - 13.00 x/.106 . 929,000 Htu/hr
Air

,--- Flue Gases

Part 5.

Refer to rquation (2) of the Problem Statement, which on rearrangement
gives:

AT..---(H.R..)/ (0.24 Btu lb°F *x Air Flow Rate, lb/ht)
Air

Obtain density of air from Attachmetit 2-1, p. 2-23 of the Student Manual,

to compute:

Air Flow Rate, lb/hr = (Volumetric Air Flow, scfh) (density, lb/scf)

828,000 scfb)( 0.0766 lb/scf)

63,400 .

Substituting into expression for ATAir
:

( 920,00Q Btu/hr)
AT
Air

Part 6.

(0.24 Btu/lb-°F) ( 63,400 lb/hr),

Air te erdture after preheater == 60°F 4- AT
Air

60.4

a /

= 60 60 120 F

1

oF

7-22
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LESSON PLAN

IN

Ala.POLLUTON
TORAININO INSTITUT.

TOPIC: Review of Homework

COURSE: 427, Combustion Evaluation
LESSON TIME: 30 min. (Tues.) and

15-min. (Wed., Thurs.,
Fri.)

PREPARED BY: DATE:

J. T- Btord Oet. 1978

LeSson Number: 8

a

Lesson Gp01: The goal of this lesson is to rpview the solution to the home-
work done the previous night by the students.

err:k)
Lesson Objectives: At the end of this'lesson the stbUent will be able to: ,

knoll4f they worked the previous evening's homework problems using
-ttir correct logic and procedure; and

1

know if they obtained the correct answers to each problem assigned.

Student Prerequisite Skills: Air Pollution Training Institute Course 452 or,
equivalent experthnce, and one of the following: college level-training
in pflysidal science,''engineering"r.mhthematics.

Level of Instruction: Undergraluate engineering or equivalent.
,

.I.,

Intended Student ProfessiOnal Backgnds: Engineers, technical staff, regu-
. latory officials, and others who wd* in combustion-related areaeof air

pollution control.

Suppibrt Materials and Equipment:

Workbook for Combus&ori Evaluation infihir Pollution Control

Chalkboard V

Special Instructions:

The instructor should solicit questions from the students to determine if
they.understand the proper logic used in pi.ob1em-so1l.0.ng and to Answer
any questionp they may have about alt%rnAlve solution techniques or
assumption§.

. .
The problem staterdents and the solutions are found at the end of-the
lesson plant for-each problem session'and in the workboA.-

.

References:

1. Com4ustion'Evaluation in'Air Pollution Control
?

Y,S
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LESSON PLAN

Ii.
TOPIC: Combustion Systems Desicri

COURSE: 427, Combustion Evaluation
LESSON TIME! 60 min.
PREPARED BY:. DATE

F. A. Iachetta Oct. 1978

V.

Lesson Number: 9.

Lesson Goal% The.goal of this lesson is to provide the 'student with a general
understanding of how energy utilization, together with choice of 'fuel and
fuel-firing equipment, influences system desir.

Lesson Objectives: At the end of this lesson, the student will bh le to:

desCribe the relationship between energy utilization, furnace heat truksfer,

and excess air as, means of fui-nace temperpture cohtrolr

understand the limits which may be imptised by thermodynamic laws and show

these limits dictate choice di energy-iecovery devices fa.).owing the furnace;

calculate the entrgy required from fuel to mbet an output energy requirement.
-t

Studebt Prerequisite Skills: Course 427, Lessons 1 through 8:

Level of Instruction: Undergraduate erigineering or equivalent.

Intended Stucient Professional Backgrounds: Engineers, technical staff, regul

latoky officials, and others who work"In .combustion-related areali of air rf
pollution control.

Support,Materardand Equipment:

1. Slide projectot

2.. Slide eat for Lesson 9

Instructions:

References:

1, Con01.1.13t4Qn_Vicauation in Air Pollution -Contro

.9-1

ChaPter. 4 .
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SLIDE NUMBER Ii 1

TITLE OF SLIDE

4

4SSON 9: COMBUSTiON SYSTEMS DESIGN

fURNACE DESIGN,e0NSIDERATIONS
:t

427-9-2 7STEM ENERGY DISTRIBUTION

429.-9-3 STEAM GENERATOR ENERGY DISTRIBUTION

.427-974 ENERGY DISTRIBUTION

*,

F

9-2



CONTENT OUTLINE
Course: 427,1 Combuetion "Rvaluation .

Lecture Title: tombustion System Design

3 of 3

NOTES .

I. Introductlpn
A. State the lesson objechves
A. Discuss combpstion systems as a means of providj.ng energy

for A wide variety of end-uses.

C. Describe the influence which economics has in equipment

choice.

II. Describe what a "designflow sbeet!t would include.

A. Discuss the fact that requireMenth begin wAth energy

- output as established by a "load"

,,1. Describe several loads such As electric power output,

building heating system gas-fired dryers, etc.

B. Describe the influence of fuel selection, includin4

usa of multifueler where availability may be factor

C. Introduce the impo tance of overall efficiency in deter-

pining fuel-flow rat
D. Note that iorced-draft fan or fans can be/sized only

after a total air-fuel relationship has seen set.

E. Describe theAdsign of the ncluced draft fan and st k

1. 3Poiht out.that the
Awl control hardwa IVelleltttturoef f:n :11nidd-4

Discuss design meilkodologi.
stack

Ao Describe? need to choose a fudl andjurnace temperature

1. Outline variables involved
2. Point out.(relationships between heat transfer, excese

air, etc.
Note the trade-offs inherent in point above; use

example 4.1 as illustration

4. Introduce ene;gy balance fdi system

B. Describe the etnergy.utilizatiOn corisiderations which

follow furnace design. e

1. Use steam boiler (*ample 4.2, pg. 4,7, in Student

Manual
2. Point.out the manner in which practical heat transfeir

values limit temperatures.

C. DiscusS further relationships whic§h would enter design

as emission control hardware is added' .

1. Point out energy considerationawhichmight be needed

- for different methods.

2.. Particularly note induced draft and temperature

probtems with scrubbers.

9-3

. .

\

- ,

*,
Slide 427-9-1

Refer to Student
Manual,.4.1, p.
4-4 through 4-8
Slide 427-9-2

Slide 427-9-3

6ide 427-9-4
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LESSON PLAN

OOLLUTION
TMAININO INSTITIJTO

TOPIC: Problem Session II:
, CombUstion Systems Design

COURW. 427, Combustion Evaluation
LESSON TIME: 60 mln.
PREPARED Eli': DATE

F. A. Iacheta Oct. 1978 1:411- PROIC)

Lesson Numbe:.

Lesson Goal: The goal of this lesson is to provfle the student am instruCtor-
guided opportunity to perform calculatiOns important in combustion system
design.

Lesson Objectives: At.the end of this lesson the student wilr be able to:

calculatellthe energy required from fuel to meet'an ener4y output;

calcultte the furnace exit gas teMperature for a iven fuel-firing
4

13artan§ ment;.and

calculate the furnace volume required to burn a
). given fuel.

'Student PrerequisIte Ski : Course 427, Lesson 9
.1

Level of Instruction: Un ergraduate engineering or equivalent

Suppori'Matterialh and Equipment:

1. Workbook 'for Combustion. Evaluation .in Air Pollution Control, Chapter II.

2. Chall9)oard. ,

3. ld calculator or slide rule.

Speci nstructIon;: 'Assign Pioblem 11.2 for homework.
, V

References:
1.'

1. Cpmbustion Evaluation in'Air Pollution ControX, Chapters, 2, 4 and 6.
.

. . .. . .iv
. .

.-;14-PNo.:- ",.
. .

-
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.CONTEM OUTLINE,
Cours4( 427, Cpmbustion Evaluation

Lecture Title: ProbloS.Session II

,ito aro_
.50

(221
4k molt

page 2 of 2.

NOTES

,

I. Purpose
A. State the lesson objectives
B. Note that this is an instructor-guided problem7sOlving

session ineerlded to give students practice with material
presented in earlier lessons, particularly Lesson 9.
1. The problem statements and computational sheet are

found in Chapter 11-e1 tas Merkbook-s
2. The coMplete4 computatiOlel sheets for the instructor

are found at the end of this lesson plan.
II. Methodology

A. Durihg-the.class.period, guide the students through the
lbgic and'Calculations required-for the so2Ution of
Problem 11.1: Calculation af Furnace Volume.

B. Assign for homework Problem 11.2: Furnac Volume Plan
Review.

C. During the class period, guide the students #hrough the
logic and calculations required for the solutionppf
-Problem II.3 Calculation of riumace Gas Exit Temeera-'
ture.

D. Answers to Problem 11.2 are to be confirmed during the
Homework Review period.

t

a.

:41-0

1
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CHAPTER IT

COMBUSTION SYSTEM DESIGN PROBLEMS

PROBLEM II.1: Calculation of Furnace Volume

r

Consider the design of a pulverized coal-fired.furnace which onerates with

an average energy release r.ate of 25,000 Btu/hr per cubic foot of furnace

vcaume_The furhace_produces_stem_wittl_an_energy Output of 55 x 10618tu/

hr and a thermal efEiciency of 80%.

Calchate: : 4

-

-/

1. The furnace yolume for the steam gencrator.

1. Determine the ifueleenergy inPUt required in order to realiz

given energy output
t

Qs

Ii

55 x 106 Btu/hr

.0,80

l
- e., .

,,6675 X LV Btu/hr
.

.

2: Refer to Table 9.6 in.the Student7Manua1,. p. 9-10,.to obtain

the averaqe de gn value.fOr the heat release rate of 25 000

Btu/hr fo pulVerized- coal firihg.

'Ftirnace

gil

Btu
'.25,000

hr, ft

(68.75 x 106-)

25,000
.Btu

hr
-""--11-

ft'

a

MIX
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PROBLEM 11.2: Furnace Volume Plan Review

An industrial organization proposes to d a 100,00Q unds-per-hour

ateam generator. The fuynace is to be fi d by a cha,juhqate stoker
with continuous ash removal, similar to that sh4n in Attachment 9-4 ot

the Student,Manual, p. 9-18. The furnace is 12 ft. wide (across the
frqpt), 14 ft. deep, mid 28 ft. high. The volume corresponding to
these diffiensions includes the.superheater volume, which is small enough
to be neglected in the calculation. The fuel for-the'proposed unit is
to be the high-volatile bituminousk coal described in Attachment 3-11
pf the Student Manual, p. 3-20. The steam,penek.atot will require S.

6 tons per hour of this coal to aehieve itirfullIsteal Capacity.

Determine:

1. If the furnace volume Is adequati.

Solution for Problem 11.2:

1. Calculate the furnace voluMe using the dimensions given:

urnace voltuve = (length) x (width) x (height).- '( -Superheater volume)
-.

( 14 ) x ( 12 ) x a (0.0)

a'. 4,104 ,ft3

2. Calulat .t.! the energy release /ate per cubic:foot for the speci-
fied fuel and design capacity.

Energy re).ease rate

4

(coal firing rate) x (higher heating value)

(Furnacq,vp1pme)

(6 x 2,000 IbAr ) x ( 13,325 Btu/lb)

Oa&

( 4,704 ft3 ) .

34,000' Btu/hr Tt 3

11.
% k

.3. Compare the value ObVined abovp to that given in Table-9-.-6 on

p. 9-10 of the Student Manual.:

I(

0

(11-2)

10-4
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, A

PPOBLEM 11.3: .
Calculation of Furnace Gas Exit Temperature

_

A reheat steam gen Vor desi,gn has energy utilization based on attiq

total energy input higher,tleat value) as follows:

1. Energy absorbed in radiant boiler 4951
Ala

2: gndtgy absorbed in cdnveCtion superheater 20.8%

3. Energy absorbed in economizer . 6.6%

.....4\s_ Energy absorbed in steam_reheater : . 8.0%

5. Energy absorbed in air pfeheater 5.0%

6. Fiureace heat losses 3.0%

7. Flue gas and other lossd's 7.1%

100.0%

Thei.init is fired with pulverized coal, using the coal describedeas the,

""ab received" coal listed .in Attachment 3-12 o'n-p.. 3-21 of the. Student

Manual. The unit operates with 15% excess air: and the.combUstion air

is preheated to 3009F.

Calculate:

1. Thk'temperature of the gas leaving the fuglace.

Solution for Problem 11.3:

1. Determine the theoretical air required to burn the coal speci-

fied, using Equation 4.1,9n p. 4.4 of the Student tispual.

The coal is 75% carbon, 5% hydrogen, 2.3% sulfur, 1.5% nitrogen.

6.7% oxxgen, 2.5% moisture, and 7.0% ash.

_>

TheOreti'cal Air 11.53 (C)At

. 11 093(.75)

-4 02
+' S4.34 (82 - 7 4- 4.29 (S)

+ 34.34 (.05- -77- ) 4.29(.023),
8 A

10.18 lbs per lb of coal--

3.

604
(11-3)

10-5.

,..
- . .



4.%

,->

4

2. Calculateotal,air.

Total Air/ a Aa
= (1.0 -1176) N

3.

(1.0 +
15

)

lbs per lb of coal.
4

Estimate the amo t_of flue gas produced using EqUation 4.2 on

45 of the Student Manual:

Theoretical flue gMs a ,G

a ( -.nonoombuitibles) +

Choose 1 basis of one pound of fuel, so that' mf

1 Ash,
G a ' (1.0 -

100

a (1.0

0
Actual flue gas Gf m (G +

100

+ (1.0) x At

1.0 x (10.18 )

11.11 lb gas per lb of coal

G+X100

A

a' ( 11.11) + ( ) X ( 10.191

sq

100 . ,

lbs gas.per lb of coal_

4. Calculate the useful energy. Qu, absorbed in the furnace region

(raciiant boiler in thta case).

,

(fraction of energy absorbed in radiant boiler) x (WV)

.0-

0. 45 ii (13,000)

I.

7u/lb of coal



.

5. Note that Du is also Telated to the energy input as follows:

Qu (lower seating value). (losses) - (energy in the gases
keaving furnace)

4014

which is given by Equation 4.8 on p. 4-7 of the Student Manual.

Qu H QL Gf Cr) (tf ta)

a. The energy,, H, .is obtained from

= HHV -'energy of the water in flue gas

= HHV - Qv ,

wHere:

water in flue gas = 9.0 x (H, in fuel) + (as-fired
z moisture)

- 9.0 x ( .05 ) ( .025 )

-e

0.475 lbs H20/lb coal

and the energy in this water is

now.

(lbs of water'per lb fuel)

4

(latent heat of,

vaporization)

lbs H20
--.. (0.475 x (1,000 -121-1-14

lbs fuel lb

475 , Btu per lb .cOal

= .HHV

= (1,000 ) - 475 )

k.

12 525 .Btu per lb of coal ,)

.44-1,,-06...4..t
.:...'4;



b. The losses, QL \are:

IN

fraction of energy lost from çurflace x (HHV)

.03 ) x (13,000')

390 Btu per lb of coal

4

1C. -The *nace gas temperature-is calculated by substituting
values obtained from Qu, H, QL, Gf together with a
value for C = .0.26 Btu/lb 0F and t

a
u 3000F:

a

Qu H QL

Ne

Gf Cp (tf - ta)

( 6,435 = (12,52..5A ( 390

therefore:

( 12.64 Btu
r) (tf 300)

2,034 oF

p.

e:



LESSQN PLAN
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!ERE!!

0 Pollution Emissions.
Calculations I

CQURSE: 421, Combustion Evaluatign
LESSON TIME: 43 min.
PREPARED BY:, DATE'

F. A. Iachetta Aug. ?AS

=m1101101

Lesson Number: 11

Lesson Goal: The goal of this lesson is to provide the student with basic
definitions relating to emisSion standards and to provide them with an
ability to make emission calculations employing emission factors.,

Lesson Objectives: At the.end of thls 1,e550n tlie student will be able to:

describe, the nature and origin'of most of the published emission factors
and state what is necesary for more precise estilnates of emissions from

a specific installation-with specifidd design features's-

apply the 'proper method for using emission factors todetermiine esti
mates of emissions fKig typical combustion sodrcest

define and distinguish between concentration standards (Cvs.and
pollutant mass rate standards,(PmRs), and process emission standarde (Es).

Student "rerequisite Skills: First-level college chemistry, algebra, physics
(heat), and Course 427, Lessons 2 and 3.

Level of Instruction: Undergraduate engineering-or equivalent:,

Intended Student Professional Back4rOundB: Engineers, téchnioal staff,
regulatory officials, 'and others'who work in combustion-related areas of

air.pollutiOn control.

_Support Materials And Equipment;

1. Saida projector

2. -Slide sit for Lesson 11
:

Special Instructions: None

Tpsferenâes:.

I. Combustion EvaluaAon- n A r_Pollution control, Chapter 5.

-

4



SLI E NUMBER TITLE OF SLIDE'

111112.7-11-1

'147r11r2

At,41-3

427-11-5

I.
4 1.

LESSON 11:- POLLUTION EMISSIONS CALCULATIONS I

NOMENCLATURE OF STANDARDS

C , MASS STANDARDs

RrUTANT MASS RATE STANDARD

PROCESS STANDARD

EMISSION FACTORS POR FUEL OIL COMBUSTION

427,-11-6 EMISSION FACTORS FOR NATURAL GAS riUSTION

A27-11-7 SO
2
EMISSION ESTIMATE, GIVEN:

427-11-8' ilffSSION ESTIMATE FROM BASIC CHEMISTRY

427-11-9 EMISSION CALCULATION

427-11-10 RECOMPUTATION WITH EMISSION FACTOR

427-11-11 PROCESS EMISSION

427-11-12 UNCONTROLLED PARTICULATE EMISSION ESTIMATE

427-11-13 FRACTIONit COLLECTIONAL EFFICIENCIES OF PARTICULATE

,

CONTROL EQUIPMENT

A

.t,



CONTENT OUTLINE ih'%'Ititt;%0'Course: 427,'Combustion Evaluation, k2/
Pollution Emission 'Lecture Title: Calculations I ltpm0G

I. Introduction
A. State the lesson,objective

II. Definition of various standards
A. Discuss the concentration standards

1. Volume standards.
a. The symbol used is Cvs
b. Quantity pf pollutant per volume qu4ntity

at a specified temperature aqd pressure
c. Examples to present:

380 pg/m for ambient SO2;
75 pg/m3 for suspended particulate

d. Other volume standard unit can be graits/scf;
lb/scf

2. Mass standards
a. The symbol used is Cmis
b. Quantity of pollutant per mass quantity of

carrier gas
c. Units could be lbs/1,000 lbs. gas, g/kg gas, etc.

B. Define the pollutant mass rate standards
1. The symbol used is PMRs
2. Standards which fii the time rate of emission
3. Units could be lb/hr, kg/hr, etc.

C. Describe process emission standards
1. nie symbol used is E
2. Standards which fix the maximum emission permitted

for various kinds of processes '

3. Such standards can be based on either input energy
or input raw material to a prqpess

4 Examples to present:
a. Combustion source standards with allowable mass

of emission per energy input (expressed in
millions of 8tu/hr or million of kJ/hr)

b. New source performance standards for a power.
plant

III. Emission Factors,- Stationary Combustion Sources
A. Define the emission factor with particular attentiOn to

the need for careful qualification
1. Tabulated information appears in AP-42
2. These factors are for systems without pollution con-

trols
3. The meaning of the ratings A, B, C, etc., as set

forth in AP-42 need careful explanation
4. SOx is esseHtially fixed by fuel sulfur content, wh le

otlier emissions can be influenced by the design or
operation of a system

B. Outline methods used to stimate uncontrolle8-bmissions
1. Basic chemistry indicates that 40 S is the maximum

SO2 which <can be expected from a given fuel such as
biViminous coal

2. The 802 emission fictor is 38 S
a. This is a lower value because of:

sulfur in bottom ash and SO3 produced
Coal ash percentage can be Used to calculate an
uncontrolled particulate emissio7 for a spreader
stoker

llr 3

_ .

147

NOTES

\vvoriva

Slide 427-11-1
Slide 427-11-2
Slide 427-11-1
Slide 427-11-4

Standard Ps, Ts

29.92 in Hg, 60°F
or 760 mmHg, 250C

.4._

Refer to Student
Manual, Attach-
ment 5-1, pp.5-20

Refer to, Student
Manual, p. 5-30

Slide 427-11-5
Slide 427-11-6

Slide 427-11-7
Slide 427.'111-8

Slide 427-11-9
Slide 427-11-10

Refer to Student
Manual, p. 5-30

Slide 4'27-11-11

Slide 427-11712
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CONTEiT OUTLINE 41;Fi'k

CCUIMP: 427, Combustion Evaluttion
Pollution EmissionLecture Title: coculatiips

I

a. Dedbiibethe influnce of ash reinjection
C. Carefully point out the influence of particulate size

diftribution on collection efficiency
1.: Size distribution of an input solid fuel has a direct

influence on particulate siz distribution in the
% *tack gas

2. Particulate collection devlices have different
efficiencies for different density. EMpAliiie that
qapection efficiency varies with density

3. Verticle size**, collection efficiency

Aftlf.-,'14'1"iie30%;4;,",:` I: ')-3," ;.I "; .

4(

\a.

11

NOTES

Slide 427-11-13
Data-based on
pp 2.7 g/cM3



LESSON !LAN11....
POILLUTION

Totwookis itawrrn,rysIii
11014C: Prolipm Sessioh III:

Emissidn Calculations I

COURSE: 427, Combution'Evaluation
LESSON TIME.: 45 min.
PREPARED BY, DAlit

F. A. Iachetta Aug: i13.

4

Lesson Number: 12 *

Lesson Goal: The goal of thi9 legSon'is toTrovide the computational
methodology used in estimaUng the amount of air pollutantst.and the degree

of control required. .

Lesson Objectivesy At th* end of ihis lesson the student will be able to:

. use average emission faators to estimate the.einissions from'typlcal coMbus.: '

tion-4.hstallItionsl. ..

N. ,A
.//,

calculate the legree of dontrol required.for a given source to be brought
0.,

into- compliance with a given_emission standard; and
-...., .Li

Perform_calculatiowusing the repatitonshipe between anticipated SO2
emissions and the sulfur,content. Of liquid and solid fuels.

Student Prerequisite Skills: CollIge beaöurse 427, 14.17Won 11
107

Level of Instructlon: Under raduate en eering

.

Intended Student Professional Ba undst gineers,-technical ataff,regu-
ratori officiala, ana others who
pollution control.

Aloft Materials and Equipment:

rk in combustion-related areas of ilr
_

1. Workbook for Combustion Evaluation in Air Pollution Controfi- Chapter.III.

Special Instructions: This is an instructor-gulded problem session.

References:

1. Combustion EvalUation in_Air Pollution Control,. Chapter 5.
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CONIENT OUTLINE
nwrse: '427, CoMbustiOn Evaluation

Lecture ritte: Problem Sees/ion III

AO

I. Purpose
A. State the lesson objectives.

.011:1 'tt 2 of 2

NOTES

14 wilt

B. Note that this session serves as An.instructor-guided
work session, which provides the student an opportunity
to apply Winitions set fotth in Lesson 11.
1. The problem statements and computational sheets are

found ln Chapter III of the Workbook.
2. The computational sheets with correct answers for

the instructor are found at the end of this lesson
plan.

Methodology
A. During the class period, guide the students througto the

logic and calculations requkred for th. solution ta each
part of Problem Pollutant Emissions from Coal-
Fired Power Plant. e

B. During the class period, guide the students throu the

logic and calculations required for the goau
Problem Fuel Sulfur Limit Calculation.
1. Discuss the assumptions which were made and how

actual,variations from these assumptions would
influence the conclusions.

a

se.

12-2

r.,
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CHAPTER III"

EMISSION CALCULATIONS 1

PROBLEM III./14 Pollutant Emissions from Coal-Fired Power Plant

Plans call for a 5Q0 Mi./ power plant to have a dry-bottom design and to
. . .

btarn pulverized coil. The overall thermal efficiency is designed to
be 34%. ahe coal specified in the plans contains 1..3%Ihulfur, 22% ash,

. and has a12,500 Btu/lb.HHV. .
.3

1 *

e'

COMPaie ,

1
I

1. The inpft pnergy.reguired when ,ple unit is oper
bapacity.

2. T4\coal firing rate at the rated capacity.

3. The pollutanemass cate

a.IS02

b. Particulates-
,

Cr

d.HC

e." CO

-Ight process

so2

Pat iculates ,o,

_11)04egree'of control'teguired.to meet 4 1.2 lb goyim)6 Btu per-
,.,formnce'standard for gb2;

degree,of.contrOt reguiredto meet .a 0.1:1b particulate/106
'.Btu perforMance standard fin. particulates.

or emissions of:

at the rated

..

.4 .

emissions pIt million Btu of energy Input for



Solgtion- to Prob em 111.11

, A

1. Plant electr c output rating and thermal efficiency can be used

to find energy input from Equation 4.9, on p. 4-8 of the Student

Manual,.

.1
1

Qh = energy in energy out Qs.

thermal eff

a

( 506 ) mw.
x 1413 x lo 3 Bt4

441,-77.ViZe ._34 .-)-

5,019 .x 106

r

Btu
hr

.2. With the value et ,QH and the coal HIM, the coal-ftring rate

is given' by:

)

v

c , Btu.

Ton / QK
(5,019 x 10u , -E-

.mf = cniltfired, m .
hr .HHV per ton

201 *Ton

hr

( 12,500 ) Btu

114

on

la. ,The pollutant mass rate for S02.can be obtained using the coal-firing

jate and the emission factor for S02-(refer to Student Man 1,),p. 5-30

for emissionctors) -

,r

lb SOB, ton coal
38 x S -----,-- x mf

ton coal hr Air(PMR) SO2

,e38 x'

4
9,9 9

lb SO2
x

)

ton coal

lb S02/hr.

4-

1.1 r-.4.4..)

201
tofl coal

hr

12.4



b. (PMh)part.
lb part. N6 ton coal

17 x A mr
ton coal / hr

")11111
Air 22

lb part.

' ton coal
( 201 )

ton coal
hr

A

.

75,174 lb part./hr

lb NOic
(PMR) kgi

ton. coal

NOX ton coal hr

18
lb NOx

( 201 )

ton coal
I.

ton coal hr

3,618 lb NOx/hr

Similarly the PMR's for CO and NC are:

(PMR) HC
0.3

( 0 . 3

(-.

13;(3

)

e. . (PMR) CO

flb HC - ton coal

ton coa;/

1 . 0
f lb .CO

) 'ton coal

201

.14 CO/hr

'1

) lb is/hr

ton coal

lb'el9/hr-.'

e--

12'"5



;

4a. The SO2 proce4s emissions per million Stu energy input will be c

puted from the pt)
2

pollutant mass rate and the input energy rate

, (ymH)so2
ESOT =

VU

ir lb SO2
( 9,929 )

0 hr

(5,019 x 106) Btu

a

1.98
lb S92

r- 106 Btu

b. The ioarticulate emissions per million Btu 'erlergy input will be

gompUted similarly:

(PMR)part
E
PArt

(75,174) lb particuirtes/hi

ttft (1,011 x 106) Btu/hr

14.98.
. 106 Btu .

,

,-

iz,

5. ,The lc:imputation§ presented above.can be used to Compute the degree

of-Control reqUired to .meet a given emilsion.stand,rd. . For this

,

.problellthe perforronce,standar4s are listed on p. 5-20 in the Student

Manual. Forli solAd-fuel-fired power plant which is 250 x 106 Btu/hr

or larger, the SO2 standard it; 1.2 lb S02/106 Btu.

lbsPart .

SO2From above the calculated E 1.98 lb g()
2
/106 Btt

'

Therefore,

f.



00'

Degree of coptrol needed =

V.

ES02 Standard

S0.2-

t: 1.98 ) - 1.2
LI

( )
-*As

39.4

x 100%

x 0 0 %

. 41

% reduction of thei
uncontrolled value

6. Similarly the particulates standard is 0.1 lb/106 Btu ana

estimated uncontrolled particulates was

lb particulatesEpart = (14.98
1,06 Btu

Standuid
Degree of control needed

# Epart

Ev )

x 100%
art

N

(14.98
(114.98

99.3

----x 100%

reduction of the ;

uncontrolled value
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9

PROBLEM III.2i Fuel Sulfur Limit Calculation

A 22-degree API fuel oil is to be burned subject to a maximum SO,

emission.siandard of. 0.8 lb S02/106 Btu input.

Detepline:

q. The maximum.sulfur composition of the 22-dgree APT fuel oil

which meets the standard without flue gas desulfurization.

11,

Soilution to Problem 111.2:

From Student Ma ual, Attachment 3-5, p. 3r\15, find:

tOtal heat,of combustion at constant volume 19,110 Btu/lbm

One should note that SO
2

is 1/2 oxygenland 1/2 sulfur by weight.

Therefore,

.5 lb S ..(0.8 -lb SO2)
Max S m_

( 19,1100 Btu

lb SO
2 s

. 106 Btu lba17-
.

0.0076

= ' '0:76

lbm S

lbm oil

% S in the Oil
4R

1

41.

.

4.1
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LESSON TIME/. 90 min.
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Lesson NuMber 13'
1

Lesson Goal: The goal of this lesson it to provide the student with the compu-
tational methods typically used in determining excess air and in correct-
ing measured concentrations to a stand&rd basis.

Lesson Objectives: At the end of this lelison the student will be able to:

a.
idqptify the'proper equation for computing exceserair from-an
analysis of.the flue gas of a combustion installation;

Arr

Orsitt

state the reasons for expressing concentrations at standard conditions
of temperature.pressure, moisture content and excess air;

identify and use the prOpeNictors for cowcting field measpiements .

to a standard basis, such as 50% excess MIT 12% CO2, and 6% 02;
I.

use F-factors to-estiMate emissions.from a coMbustion source.

Student Prerequisite Skills: Course 427, Lessons 11 and-12.

Level of instruction: Undergraduate engineering or equiValent

Intended Student Professional Backgrounds: Engineers, technical staff, regu-
. latortoffiCials, and others who work.in combustion-related 'areas of air

pollution control..

Support Materials, And Equipment;
. NI&

1, :Slide projector

-2: Olide set. for:IeSson13.

-SpeCial InStructions: None
;-

0
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References:

1. CoMbustion Evaluation in. Air Pollution Control, Chapter 5.

2. ("Requirements for SUbmittal of Implementation Plans and Standards
eor New-Stationary Sources," Federal Registyr 40:194, Part V (October 6, 1975).
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SLIDE NUMBER TITLE OF SLIDE

LESSON 13:, POLLUTION EMISSION CALCULATIONS II

427-13-1 GAS VOLUME CORRECTIONS

427-13-2 GAS CORRECTIONS FOR CONCENTRATION

427-13-3 GAS CORRECTIONS FOR DENSITY

427-13-4 EXCESS AIR CORRECT ONS
-..

427-13-5 CORRECTIONS TO 50%. CESS AIR
,

9

427,13-6. CORRECTIONS TO 12% CO2
' a

427-13-7 CORRECTIONS TO '6% 0
2

427-13-8 ,.EXCESS AIR aERCENT

427-13-9.. EXAMPLE.VITNOUT EXCESS-AIR
4

a 427:13-10 EXAM1F.WITH EXCESS AIR .

427,13-11 EXCESS.-*AIR,.FROM ORSAT ANALYSIS
t .

427-13-42. SAMPLE'OF- ORSATAMTA APPLICATION
:

427-1f-13 .CALCULATE %" EXCESS AIR

427-13-14 EXAMPLE PROCESS EMISSION 'STANDARD.
,

427-13-15 DEFINITION OF AN "Vi STANDARD'PROBLEM

427-43-16. SOLUTION:OF SAMPLE.-r PROBLEM

427,13717: .2.ALLOWABLg EMISSION

427-13-18 ACTUAL PARTICULATE RATE

427-11-19

Je27-13-20

,427-13-2I

427-13-22 EQUATON_FOR41 FACTOR
.

427-13-23 TAiLE,OF:F,FACTORS,

F-FACTOR colicarT

-
mossum IN TER*OF F-FACTOR

-EQUATION.S FOR1F .J'ACTOR
. c

(
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CONTENT OUTLINE

Lecture Pollutio ission
Course: 427 rCombust aluation içuiirnaiurç

.Calqula ions Z1
41 PRdit

tO 844.

I. Introduction
A. State the lesson objectives
E. Outline the methotfor correcting volume field sure-

ments (at actual- emperature and preesure) to s andard

pressure temperature. ,

1. Concentration standards are based on pressure and

temperature spindards.
. The equation for correction of volume (measured at

field pressure Po and temperature To) to equivalent

volume at Ps, Ti.
3. Necessary nomenclature and equations for correctionsl

of concentration, Cv, and of density, p.

C. Discuss the basis for corrections of concentration
whieh are developed in terms of 50% excess air,
12% CO, 6% 02, etc.
1. Parameter selection was originally based on a

"reasonable" value for a wide variety of combustion

equipment
2. .Effectiv, standarei, eliminate dilution as.a solud.

tion to pollution

IX. Tho Chemistry of Excess Air
A. Elaborate on the basic chemistry of combustion with

excess air
1. Basic stoichiometric relationship for the combustion

of carbon
a. Air is assumed to be 2019 02 and 70.1% N2.

b. The above noted volume proportion is simply

another way of stating ihat 02 is 0.264 times N2.

Uie information on Slide 427-13-4 to illustrate %

equivalence concept.
2. Introduction of excess air into tho combustion pro-

cess.
a. Excess air simply passes through the process

and re-appears in stack gas. Note that CO2 and

M2 in the theoretical case do not change with

. excess air added
b. Ahe effect of nitrogen in the fuel influence on

the stack gas nitrogen
E. ,Discuss the Croat analysis

1. The chemical equation should be recast to include

a term for the oxygen and the nitrogen in excess air.

2. Th effect of CO means increased 02 and reduced CO2

for a given fuel. *ow that excess air is based on
complete combustion; i.e., all carbon oxidised to

CO2 and all hydrogen to water.
3. The use of Orsat analysis to compute excess air

should be illustrated.
a. 002 must be Meesured separately andi eductod

from observed CO2 Measurement. CO21 gent'

iv Om! absorbs 1102,
b. The degree ofresolutiomfor an Croat alysis

is #0.1%.

4 of 6

NOTES

A

. I

13-4

Refer to .6tudent
Mshual, Chap. 5

Slide 427-13-1
'Equation 1
Slides 427-13-2,3
Equations 2 & 3
Slide 427-13-2
Equations 4, 5,
6, 7, & 8
Slides 427-13-4,5,
6, 4 7
Equations 11, 12,
13, 4 14

. Slide 427-13-8

Slide 42774)-9

Slide 427-13-10

Slide 42743-11

Slide 427-13-12
Slide 427-13-13
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CONTENT OUTLINE
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CallIse: 427, Combustion Evaluation (a)
Pollution EmissionLecture Tit/e: 41 PROlt".

Page____;2_. of 6

NOTES

III. Discussion of Computations
A. Process rate standards

1. Introduce a particulate emission standard based on
the energy input to a combustion system as one
example of a process rate standard
a. Data ill needed to define a 4tuation where

the standard presented would be applied.
b. Computations should be outlined

B. Corrections for excess air, CO2, and 02
1. Present and discuss typical data for a boiler

plant itaek effluent.
a. Field measurement would be made at an actual

temperature and pressure.
b. Apparent molecular weight of stack gas can be

determined from flue gas analysis.
c. Mass rate of pollutant flow would be found

from an appropriate measurement and would be
Aleld data.

2. Illustrate calculations required to correct con-
centration based on field measurement to equivh-
Ient values:
a. Corrections are made to a standard temperature,

pressure, and dry gas basis
-13. Use of an excess air correction factor is needed

for 50% excess air-
c. Computations %of correction to 12% CO2 and 6% 02.

C. Use gif F-Factors
1. Discuss the nature of the F-factor in comparison

with previously developed excess air corrections.
a.

E Cvs Qs

QH
where Cvs is the concentration, Qg is the
stack gas volume ilow rate, and QH is the heat

-
input-ratb.

b. Show that

Cvs Qs 20,9
(

QH
CV8 F 20.9 - 1102p )

where F is simply Q8/QH and the br'acketed

term is an excess air correction.
F-factor 'method is _directed to calculation of
partic::Pate emission levels from new sources and

requir only 02 or CO2 content of stack be moni-
tored in addition to pollutant concentration (1).-

2. Introduce table of F-factors ana summary of equa-

tions for Pd, Fc
3. Describe errors which can result from use of F-

factors:
a. Variation of Tyfactor due to variations of fuel

ultimaes analysis

13-5

SI ide 427-1:3-14

Slide 427-13-15

Slide 427-13-16,
17, & 18

Refer to Student
Manual, p. 5-9

Refer to Student
Mapual, p. 5-10,
5-11

Slide 427-13-19

Slide 477-1 -20

Slides\427-13-21
427-13-22
427-13-23
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Course: 427, Combustion Evaluation

Lecture Title: Pollution Emission
%' 41 PACO

Calculations II

pogo 6 of 6

NOTES

b. Effect of incomplete combustion
c. Erroneous 02p and CO2p values from Orsat analysis,

an error &limb inherent in earlier methods
d. Reduction of CO2 content of stack gas when wet

sorubbers are used.

IP

13-6

I.

4.4

A
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TOPIC: Problem Session Iv:

Etlission Calculations II

V
COURSE: 427, Combustion Evaluation
LESSON TIME: 60 min.
PREPARED BY: DATE.

F. A. Iachetta Oct. 1978

4-\

,Lesson Number: 14

Lesson-Goal: The goal of this lesson is to provide the computational methodology

required to reduce field-measured data to.a basis that permits comparative

evaluation with standards.

Lesson Objectives: At the end of this lesson, the student will be able to:

calcular excess air, given Orsat analysisdiata;

calculate corrected emissions based owstandarde specifying 50% excess air,

12% CO2, and 61% 02: and

'employ F7factor tio estimate emissions from a coMbustion source.

StAdent Prerequisite Skills: Course 427, Lematons 11, 12, 13
0

Level of Instruction: Undergraduate engineering orequivalent

Intended Student Professional Backgrounds: Engineers, technical Staff, regu-

latory officia14, and others who work in combustioll-related areas of air

pollution control.

Support Materials and Equipmerit:

1. Workbook for CoMbustion Evaluation in Air Pollution Control, Chapter IV.

2. Chalkboard.

3. Hand-held calculator or slide rule.

Special Instructions: Assign Problems VI.3 and VI.5 fqr homework.

,

References:

Combustion Evaluation in Air Pollution Control, Chapter 5..

14 -1
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CONTENT OUTLINE
Course: 427, Combustion Evaluation

Lerture Tine: Problem Session rv
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N OTES

I Purpose
A. State the lesson objective,
B. Note that this is an instructor-guided problem-solving

session, intended to give students practice with the
material premanted in Lesson 13.
1. The problem statements and computational sheets are

found in Chapter rv of the Nbrkbook.
2. The -computational sheets with correct answers for

the instructor are found at the end of this lesson

plan.
I/. Methodology

A. During the class period, quads the students through the
logic and calculations required for solution to Prob-
lem IV.1: Excess Air Calculations Based on Orsat Analysis.

H. During the class period, guide the students through the
logic and calculations required for the solution of
Problem rV.2: Use of F-Factors to Compute Emission

Concentrations.
C. Assign as homework Problem IV.3: Calculation of F-Factor

D. Assign Problem IV.4 to be done by the students during
the class period.

E. Assign as homework Problem rV.5s Correction of NOx
Emissions Concentration to 3% 02.

F. Answers to Problema IV.3 and rv.5 are to be confirmed

in the Homework Review period.

4.

{.

. 1 9

14-2

p.
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CHAPTER IV

EMISSION,CALCULATIONS II /

PROBLEM IV.1: Excess'Air Calculation Based on Orsat Analysis

The effluent of.a combustion unit is characterized by: _

Orsat Analysis:

SO
2'

Gas Flow:

11% CO2' 9% 0
2'

2% CO

120 ppm

200,000 acfm @ 27.5 in.Hg pressure,
34,0°F temperAture, 8% moisture by volume

0
Particulates: 400 grain per acfm

Calculate:

1.. The ipercen age of excess air in the flue gas using Equation 1
froniAttac t 5-4, P. 5723 of the student manual.

2.. The SO
2

emissions in micrograms per cUbic metei (14/11113).

3. The voluMe of the dry flue gas at the observed conditions.

4. The volume'of the dry.flue gas at standard conditions which
are a pressure Of 3000 inches Of mercury and a temperature

of 60°F.

5. :The"particulate crcentration based on standard pressure and'
temperature.

6. The particuiate emission concentrations corrected for

50% excess air



solution for Problem IV.l:

'4

1. Refer to Student Manual, p. 5-23, to obtain the equation for
computing the excess air from an Orsat analysis.

,

(0 - 0.5 CO )
P x 100%

0.264 N 2p - (02p - 0 5 COp )

The nitrogen in the product gas, N2p5 may be calpula'ted as
follows:

S

1n 100 - iCO2 - 102 -

100 - ( 11 ) 9 ) - ( 2 )

78 % N2

Substitute the above value into equation for IA:

EA
( 9 ) - 0.5 ( I

0.264 ( 78 )

63.5 % excess air

0.5 ( 2 )).

2. Convert 120 SO2 ppm to Sg/M3 using Equatiot5.8 on p..5-bf
the Student Manuel:

AV"

1 ppm

1 ppm SO2

40. x (MW)
. 17t191

x ( 64 )

120 Ppm 12(1 x .( 2,611-
pg

r s
IX

4114

2.611 --ay

pg
311,144 ---fr

ite



-0

Redu'ce the uni n to T2, by notin.g that
m3 m3

1,000 x 1 P3.4,

m 3

-Therefore

1

(.°

120 ppm -Sd2
Pg _

( 313,344) x i3 mg
--

m-'

an
313

m3

3. Calcul#te the volume of the as follows:

V0 dry V
° wet

(1.0 isture)

= (200 00 ) (1.) 0.08 )

184,000 cfm

4. Refer to the Student Manual, Equation (1) on p. 5-22 and
reduce _Vo to Vs dry' using Pa 30.00 Hg and Ts A. 520 t

Vs

41,

fa.

(184.d00) x

109,633

(

(

scfm

27.5 .)
( 520 )

.r.30.0 ) ( 800 )

that

at tanaard conditi s

5. Likewise reduce the particulate loading concentration to

4it

t



101,

6a.

( 400 )

671 grainiscim

( 800 )

( 520 )

/

Refer to the Student Manual, p. 5-23 and use Equations (2) and (3)

to calculate the particulate concentrattons on a 50% excess-air

basis

1.50 0
2p

- 0.133 N
2

0.75 CO

. 1 -
50V 0.21

. 0.923

-

{:

0.09 ) - 0.133 ( 0.78) r d.75 (0.02 )

0.21;

Cvs ( 671 )

, c .-. 3C At ' 727 grai.n/sctqlr/
50V F5OV (0.923 ) :

bi.- Correct to 12% CO2, using Equations ( ) and (7) on p 6-21 of the

Student Mantal

'N CO2p ( 0.11 ) 0.917

F,12V

=

0.12 ( 0.12 )

Cvs ( 671 1
C12V

a
F12V (0.917 )

732

I

c. Correct to 6% Oa using Equatidns (10) and (11)i however, note that

Equat n (10) should be modified for the net q2 (after the to is

oxidi ed):

grain/scfm

Low

6V

.21 -(02p - 0.5 (C0p))

0,15-

A

' .41r.

iats4- 5 a

. . : : 1
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MI

c61/.

0.21 - ( 0.09 - 0.5 ( 0.02 ))

b. 867

Cvs

0.15

.#
774 --Arain/scfm

a
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40

PROBLEM IV.2: My of r-factor.; to Computf. Ftrtiion Coorcntratiow;
_ . . . .

N
The effluent from a bituminous-coal-firol source is found to,have a

particulate concentration,. Cvs I
equal to 671 grains/scfm (dry b-asis).

The flue gas oxygen is 9% and the carbon'monoxide is 2%, a!; measured

on a dry basia.

Calculate:

1) The particulate emissions in the units of (grains/million Btu)

using the F7factor technique

Solution to Problem IV.2:

From Attachment 5-4, p. 5-2 , of t

dsc
Fa - 9,820

10

with the given Cvs v

p. 5-16, to calculate

( 671

Btu

elent;:Manual, find:
f)

lue and tbe comput d Fd'
use'Eguaion (5.32),

.,othe particulate e sions, grains/106 Btu

20t-946-
( 0 2 'fr:5-

( 9,820 x 10-

10.67 grains/10.6 Btu

[I
0.9 - 0.09 - 0.5 ( 0.02))

I

20.9 c.



PR08bEti Iv.3: Calculation of F-factor

'F-factors are useful in the calculation of emisslon from combustion

sources. Consider a bituminous coal having the "as-fired" ultimate

analysis of 75% carbon, 5% hydrogen, 6.7% oxygen, 1.5% nitrogen, 2.3%

sulfur, 7.0% ash, and 2.5% free moisture. The heating value of this

coal is 13,000 Btu/lb.

Calculate:

1. The_F-factOrt.Fd using the Equation 5.28 on p. 5715_of the
Student Mahual and compare this value with that gfven in

Attachment 5-5, p. 5-25, of the Student Manual.

Solution to Problem IV.3:

'The equation for the F-faciltor, Fd, .is

(3.64 H2 1.53 C + 0.57 S + 0.14 N 0.46 02)

F. 610
HHV 106 Btu

dscf

[3.64 ( 5 ) + 1.53 (75) + 0.57 (2.3) + 0.14 (1.5) - 0.46 (6.7))

(13,000)

I.

= . 10,581
dscf

106 Btu

os



PROBLEM IV.4: Calculation of Poutant ('oncentration #

Bituminous coal is burned completely.at a rate of 5 ton/hr with excess

air. An evaluation of ihe effluent yields the following data:

Orsat Analysis:

Volume Flow:

Pollutant-Mass Rate! 130;000-grains/min.

CO
2

9.1%

0
2

10.6%

CO .0.0%

26,000 scfm

Compute:

1. The particulate concentration corrected to 50% excess air.

2. The particulate concentration corrected to 12% CO2.

.3. The particulate concentration corrected to 6% 02.

Solution to Problem IV.4:

1. Find the particulate concentration, Cvs, using the flow and the-
pollutant mass rate.from Equation 5.21, p. 5-14 of'the Student

Manual:

PMR
vs Vs

(130,000) grains/min.

( 26,000) scfm

5 grains/scf

41

Correct tfie concentratioy to 50% excess air using Equations (2) and

(3) óra p. 5-23 of the StNdent Manual

.F
50

1 -
. v

[I

1.5 02p 0.133 N2p - 0.75 COp

0:21

[1.5 (0.106) - 0.133 (0.803) .- 0.75 (_ 0.0 )

.(IV -8)

14-10.
%Alt. :

?.

0: 21

a

k;



,)
C50v

1 - ( 0.249 )

VS

F5Ovs

6.65

5 )

( 0.751 )

grains/scf at 50% EA

2 Correct the concentration to 12% CO2 using Equations (6) and (7),

on p. 5-21 ofthe Student Manual
r

F
CO2p (.091)

12v f 0.12 .12

c1 Vifte

0.758

Cvs
C. 5 )

F12 (0.758 )

4."11"" 413

6.59 grains/scf at 12% CO

3. Correct the concentration to 6% 02 using Equations (10) and (11)
.

.

on p, 5-24 of the Student' Manual .

.6 v

0.21:- 02p 0.21 - (9.106)

0,15

7.21 'grains/scf at 6% 02



PROBLEM Correction of NOx Emis:iion Concentration to 1% 02

Limiting the xcipss.air during combustion is an important technique for
controlling the NOx emissions. In order to provide a more meaningful
basis for comparison, the resulting emissions will be corrected to a
standard basis of 3% 02 (or 3% excess 02). Considerthe NOx emissiops
of 200 and 300 ppm from an oil-fired power plant under the stack gas.con-
ditions A-and B, respectively (which have different conditions of excets
atr).

Condition CO 21
%

A

Determine:

13.3

9.7

_..Dry Volume Basis

0
2'

%

2.2

7.3

N %-

84.5

83.0

N°X, PPT

1. The,excess 'air-corresponding to conditions A and B.

200

300

2. The correction factor to be used in correcting NOx.emissionS'
from their actual condition o the .hasis of 3% 02.

3. The.corresponding-values of NOx at the standard basis of 3%
oxygen.

Solution to Problem IV.5:

1. Find the excess k for i!onditions A and B usind Equation (1)

on p. 5-23 of the1 Student Manual.

%EA
0.264 N2 - (04 0.5 CO )

,P P

II x 1001110
02p .- 05'COp,

For condition A:

%EA

4,

[ ( .022 ) 0.5 (p.o )
0.'264 -(.845) (.022 ,- 0.5 ( 0.0))1

x 100%

4



For conditton B:

%EA

I

\
( .073 ) 0.5 (00 )

[
0.264 ( .83) (.073 0.5 ( 0.0))

St 50.0 for condition B.

x 100%

2. The volume correction factor for flue gas 0 is derived from

0.21 - 02p
02v

0.21 /32 std

F
3v

M.21 - 02p

0.21 0.03

0.21 - 02p

( .18 )

obi n
. ..1

3. :Use the correction factor developed above,,to correct the measured
NOx, emissions at conditions A and B to the 3% 02 standard basis:

For 200 ppm NOx at 10.9

C3v
-v 200 ppm

.21.-: (.022)

.18

F3v

% excess air-

191 ppm corrected to'3%_02

For. 300 ppm NOx at, 59 % excess air

394 ppm corrected to 3%'02
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TOPIC: Introduction to Combustion
Control
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COURSE: 427, Cogibustion Evaluation
LESSON TIME: 75 min.
PREPARED BY- DATE.

F. A. Iachetta Oct. 1978

k

Lesson Nuilibek: 15
ti)

Lesson Goal: 'Ale goal of this lesson is to provide an overview of the logic

N for control of combustion systems and special features of control systems.

Lesson Objecyives: At the end of this lesson, the student will be able to:

list the 4nportant variables (sam pressure,isteam flow rate, gas tempera-
ture) whicft\livay serve as Ole controlled variables used to actuate fuel/air
controls for combustion systems;

describe the primary purpose of a control,system which is to maintain com-
bustion effipiency and thermal states;

understand the interrelationships between 'varying load (energy output)
requirements and both fuel/air flow and excess aii

;

Student Prerequisite Skills: Course 427, Lessons 2, 3, 6, and 9

Level of Instruction: Undergraduate engineering or equivalent

Intended Student Professional Backgrounds: Engineers, technical staff, regu-
latory officlals, and others who work in comustion-xelatea areas of air
poYlution control.

Support Materials and Equipment:
'

1. Slide projector and 16 mm sound movie projector.

2" . Slide Set for Le'sson 15.
6

3. Film "Boiler

Special Instrudtions:
period.

Their .ContrOl. "
lk

the film after the first 30 minutes of the lesson,



References:

1. Combustion Evaluation in Air Pollution Control, Chapter 6.

2. North Amvican Combustion Handbook, Second Edition, North American

Manufacturing Company, ClelNland, Ohio (1973).

3.. Steam, Its Generation and Use Chapter 35, 39th Edition, Babcock and

Wilcox Company, 1978.
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SLIDE NUMBER TITLE OF SLIDE

LESSON 15: INTRODUCTION TO COMBUSTION CONTROL

427-15-1: SCHEMATICOF STEAM-FLOW ORIFICE STATION

427-15-2 ACTUAL STEAM-FLOW ORIFICE STATION MC

427-15-3 STEAM-FLOW DIFFERENTIAL §ENSING AND TRANSFER UNIT

427-15-4 AUTOMATIC FORCED-DRAFT FAN INLET LOUVER CONTROL

427-15-5 AUTOMATIC GAS-FLOW4ONTROL VALVE

427-15-6 DIAGRAM OF A COMBUSTWN CONTROL FOR A SPREADER-STOKER

427715-7

FIRED BOILER

DIAGRAM OF A COMBUSTION CONTROL FOR A GAS- AND OILr.FIRED

BOILER

427-15-8 DIAGRAM OF A COMBUSTION CONTROL FOR A PULVERIZED-COAL

FIRED BOILER

427-15-9 DIAGkAM OF A BUSTION ONTROL FOR,ti CYCLONE-FIRED BOILER
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I. Introduction
A. State lesson objectives
B. . Describe primary function of combustion control

1. System must maintain combustion efficiency while con-
trolling emissions

2. Control must permit maintenance of pre-determined
values of temperature, pressure, etc., in systems
to which energy is supplied

3. There is a requirement to accomplish the above under
all conditions

II. Specific requirements of combustion control
A. Note that all systems must alter fuel input rate pro-

portional to energy output while simultaneously adjust-
ing the air/fuel ratio

B. Describe interrelationships between, fuel change and other
variables:
1. Steam pressure and/or steam flow
2. InteraCtions between forced draft, induced draft,

and furnace draft.
3.* The importance of fuel properties and the range of

controls *Mould be Appreciated.
a. There is an influence from high-moisture content.

C. Discuss control logic for stoker-fired coal-burning
units:
1. The interaction betvieen steam pressure acuated

fuel feed and "steam-flow air-flow" actuated
air supply

2. Separate furnace draft control element
D. Describe the Control sYstems usually employed for gas-

,

and oil-fired boilers
1. Steam pressure is used as a prime controlled variedide
2. Cross limits are built in for regulation of air flow

Ind fuekflow.
3. TheAR is-eseparate control leg when atomizing steam

is used.

E. Discuss pulverizer coal-burning controls
1. The master fuel,flow controller considers the total

flow versus Lad characteristics
2. The,air-flow/fUel-flowkrelationship is one of parallel

application. h .

3. The low-pelect auctioneer action when air flOw is
low should be discussed, relative to coal flow rate.

P. Discuss cyclone furnace combustion controls
1. Each cyclone functions as an individual furnace

2. The use of multi-cyclones as multiple furnaces should
be described

3. The 02 analyzer has been specifioally included to
fine tune excess air

I. 'Film "Boilers and Their Control"
A. Show the film (30 Minutes)
B. Raview And discuss the major points presented in'the films

1. TWo type* of boilers are:

1'5-4

Slide 427-15-1
SlIde 427-15-2, 3
Slide 427-15-4

.

Slide 427-15-5

Slide 427-15-6
Refer to Student
Manual,p. 6-12.
Attachment 6-1,
for definition of
control symbols

Slide 427-15-7

Slide 427-15-8'

Slide 427r15.-9
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a. Fire-tube boilers
b. Water-tube boilers

2. Three primary boiler circuits are:

a. Steam and water circuit
b. Flue gas and air circuit
c. Fuel circuit

3. Steam and water circuit composed of:
a. Steam drum
b. Mud drum,

c. Downcomers
d. Risers A

4. Feedwater level maintenance is:

a. Vital to combustion control
b. Vital to efficient operation
c. Influenced by swell (occurs during increased

steam production) and shrink (occurs during
decreased steam.production).

5. Steam flow is controlded by demand for steam
a. Steam pressure is the control impulse for fuel.s.

input t:t

6. Flue gas and air circuit
a.. Provides combustion air
b. Circulates product gases within the furnace

c. Removes flue gases
7. Furnace draft (negative pressure)

a. Will be specified in furnace design (some
furnaces are pressurized)

b. Requires proper oontrol of forced draft and
induced draft fans.

8. Control of fans for combustion air
a. Is accomplished by variable dampers or variable

speed motors .

b. Must lead fuel-flow increases when load is
increased

c. Must lag fuel-flow when load is decreased
9. Efficiency is increased by use of air preheaters

a. TUbular type
b. Regenerative type

10. Control of,excess air is required for complete com-

bustion
a. Too much excess air results in

i. Less time for heat transfer to the tubes
so that the flue gas temperature increases

ii. More flue gaS being emitted at higher tem-
peratures

b. Greater excess air is required with lowad
conditions.

11. Minimum air flow rate should be litited to 25% of
the full load air flow rate

12. Fuel flow controls
a. Should limit the flow of fuel to the amount of

available air
b. Should provide automatic shtit-off valves

15-5
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aSSON PL AN

TOPIC: Combdstion Installation
Instrumentation

COUSSE: 427, Combustion Evaluation
LEtSON TIME: 45 min.
PREPAOED BY: . DATE-

F. A. Iachetta Oct. 1978

4111,,

LesMn NUmber: 16

soh Goal.: The goal of this les1s7 is to prOvide the student with information
about instruments used for comb stIon systems monitoring with particular
emphasis on good operation.

Lesson Objectives: At the end of this 1 on the student will be able to:

identify instruments which would-indIcate improper combustion or energy
. -

transfer; and

dsocObe thefinfluence of excess air (indicated by 902.or
gases) on the boiler. efficiency, fUer ate, and economics
combbstion installaton.

Student prerequisite Skillsf 427-, Lesson 15.

02 in stack
of a particular

Level of InstruCtion: Undergraduate engineering or equivalent

,

_

Intended Student liggfessional Backgrounds: Engineei-s, technical staff, regu-
_.11 ory officiaIs,and others who work in combustion-related areas of air

,
pol tion control.

It
,

Support Mpterials eUld Equipment':

1. Slide projector

2. Slide set for Lesson 16

Special Instructions: None

Apferences:

1. Combustion EValuatto
, . .

5

ollution COntrol, Chapter 6-
, .

le"



SLIDE NUMBER * -TITLE OF SLIDE

LESSON 16: COMBUSTIQN INSTALLATION INSTRUMENTATION

427-16-1 STEAM-FLOW AIREZiLOW METER AND CHART

427-16-2 DRAFT GAUGES'ON SPREADER STOKER--FIRED BOILER INSTRUMENT

PANEL -

GAS Al)R\WATER TEMPERATURES OF ECONOMIZER

INSTRUMENT PANEL WITH REMOTE STACK SMOKE INDICATOR

427-16-3

.427-16-4

42 SKETCH OF REMOTE STACK SMOKE INDICATOR .

427-16-6 RANEREX CONTINUOUS CO2 METER
_-

427-46-7

427-16-8

427-16-9'

427-16-10

TYPICAL 0
2
READINGS

TYPICAL CO
2
READAGS

EFFECT OF EXCESS AIR (FLUE GAS 42
.

JMPROVED EFFICIENCY CASCADE 1

^

-4

ON COMBUSTION EFFICIENCY
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Course: 427, Combustion Ev0luatioq, (gM0
Lecture ril/i.. P4(01010Combustion installation

11111L31211111111211_1.

I. Introduction
A. State the 'lesson objectives
B. Outline the use of instruments as operator guides

1. Steam-flow air-flow meter on a boiler instrument
. panel
a. Note the.uSual praotice of nearly coincident

pen traces
.

b. Note inherent influence on operator designed
into the unit (pens togethe0

2. FUel-flOW meter %

a. Used both 'tcl guide operator and for recoi&-
\

keeping
glI14draft gauges.employed to monitor gas loop

omponents, such as furnace, fans; air preheater,,,111

etc.

4. Temperature,measurements
0. Furnace and flue gases at various points
b. Gas temperatures at significant locations
c. Fuel oil whexe needed

5. Smoke Icatops
, a. No use of signal lights ale opacity indicator

scales
6. CO2 and 02 monitoring

a. Portable and fixed instruments should be
-- described here

,

b. Give ranges of CO2 for several fuels
c. Give range of 02 for several fuels

II. Importance of proper instrumentation relative to efficienc
A. Describe recordkeeping normally possible

1. Integrators used on steam-flow, fuel-flow meters.
etc.
a. Note the use of micro-processors to give

continuous efficiency estimate
B: Discuss flue gas monitoring as related to both effi-

ciency and pollutant emissions
1. Point out efficiency versus CO2 relationship
2. Note the effect of flue gas exit temperature on

efficient},
3. Discuss cascade effect of improved efficiency

as an argument for flue CO2 or 02 gas monitoring
instruMents

.

4. Relate 02 radiation with efficiency improvement
a. Note a 1% reduction of 02 corresponds to

1/2 to 1% improvement of efficiency
III. Use of Instrumentatpon in Preventive Maintenance

A. Outline the prelventive maintenance-instrumen ation
interaction
1. Note the need for establishing norms as

reference values
2. Describe how instrument reading changes are

' indicatorOof prObleme

16-3

At7 3 a 4

NOTES

Slide 427-16-1

Slide

Slide 427-16-3

Slide 427-16-4
Slide 427-16-5

Slide 427-16-6

Slide 427-16-7
Slide 427-16-8

,

Slide 427-16-9

Slide 427-16-10
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a. Use of CO 2 through unit as measure of air

infiltitFthn
b. Tempè1Tevariatton at weheaters, etc.

,
16-4
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LESSON PLAN

TOPIC: Gaseous Fuel Burning

"0111.

COuRsE: 427, Combustion Evaluation
LESSON TIME: 60 min.
PREPARED Erc DATE

L. U. Lilleleht Oct. 1978

Lehson NUmber: 17

Lesson Goal: TO provide t 6 student with an accurate understanding of the
design and operational parameters which influence the emissions of air
pollutants from gas-bur ing devices.

Lesson Objectives: At the end of this leison the student will be able to:

describe the functions of the gas.burner;

define pre-Mix and its influence on the type.of flame;

4ist bUrner design features and how these affect the limits of stabl 'flame
operating region;

' name four different types of %as burners.and their special design features;--

'cite typical gas furnace, breeching, and stark operating temperatures,
pressures,.and gas-flow veloCities; .

describe the relafionShip between flue gas analyses and the airr-to7fuel
ratio;

livt the causes and describe the signa of malfunctioning..gia-burning
devices4 and '

4
*

describe techniques used to .correct a malfunciPning gas-burning device.

Stient Prerequesite Skills: Course 427, Lessons 2, 3 5, 6, 9, 15,16.

Level Of Instruction: Undergraduate,engineering or equivalent

Intended Student Professional Backgrounds: Engineers, technical staff,
latory officials, and others who work in combustiOn-related areas of
pollution control.

.

Support Materials and F44fpment:

. .

/

pule proft.ctox / 4-

2.

. a

6100 sot for .iets-usgn 17
. .

re9u -

air



Special Instructions: None .

Referencesz

1. Combustion Evaluation in Air Pollution Control, Chapters 2, 3, and 7.-7
HindboOk, pub4shed by the North American Manufacturing

, Ohio (1952).

J. A., editor, Air Pollution Engineering Manual, AP-40,
2nd edition, USEPA (May 1973).

2. Comlowtion
Company, Cleveland

3. Danielson,

53!



- WADE NUMW TITLE OF SLIDE

LESSON 17: GASEOUS FUEL BURNING

lir
427-17-1 BLUE FLAME

427-17-2 YELLOW FLAME

427-17-3 ATMOSPHERIC BURNERS - FLAME STABILITY

427-17-4.. ATMOSPHERIC PREMIX TYPE GAS BURNER

427-17-5 MULTI-FUEL OIL GASIFYING BURNER

427-17-6 FURNACE HEAT RELEASE RATE

427-17-7 COMPARITIVE FURNACE SIZES

427 -17 -8 TYpICAL BREECHING ANb STACK CONDITIONS

427-17-9 VELOCITY-IN CONVECTIVE SECTION

427-17-10 FLUE GAS ANALYSIS
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Course: 427, Combustion Evaluation

Lecture Title: Gaseous Fuel Burning
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NOTES

I. Introduction
A. State the 4Oals and objectives of this lesson.
B. Review combustion concepts

1. Regarements for complete combustion
2. Theoretical and excess air
3. Adequate temperature, turbulence, and time

C. Typical gaseous fuels
-- 1. Heating values of natural gas and other common

gaseous guels --

2. Lowest heating value for direct- combustion
II. Flame combustion mechanisms

A. Hydroxylation theory
1. Ail- mixes with fuel prior to combustion
2. Oxidation is gradual
3. Blue flame is produced
4. Incomplete combustion products incluok:

a. Aldehydes and acrid odor
b. Other partially-oxidized hydrocarbons

B. Carbonic combustion Mechanism
1. Fuel is not premixed with air
2. Cracking reaction produces solid carbon
3. Yellow flame,from incandescent carbon
4. Incomplete conbustion products include soo , smoke,

carbon mOnoxide, etc.
III. Gas-burning characteristics

A. Functions of a gas burner
1. Tb deliver gas and air at the desired rate and

proportion
2. Tb provide mixing and ignition.

B. Most burners employ the Bulisen principle
1. Some (primary) air is premixed
2. Remainder is secondary air
3. Flame propagation velocity
4. . Shape and appearance of flames affected by

a. Degree of pre-mix
b. Degree of turbulence.and mixing

C. Stable flame region
1. Bounded by

a. Flat:ill-back

b. Lifting and blOw-off
c. YellOw tip
d. .,CO formation

2. TUrn-down 'ratio

IV. Classificaticp of gas hiliners
A. Pre-mix type

1. Atmosphericburners
2. Multiple,port burners
3.1. Power burners
Nokzle-mixing type

C. Long flame burners
D. Specialty gas burners:

17-4

Refer to Student
Manual, Chap. 2

_Rtfer to Student
ManuaL, Chap. 3,
and Lesson _No. 6

Slide 427-17-1

It
$11de 427-17-2

Refek to Student
Manual, p.
Refer to Student
Manual, .p.

Slide 427-17-)
Refer to Student
Manual, p. 7-20.

Slide 4270.17-4
Refer ro Student
Manual, p. 7-17
and 7-21.
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NOTES

1. High excess-eir burners to provide hot gases at
uniform temperature

2. Lean fuel burners for very low heating value fuels
3. Multi-fuel burners
4. Other

V. System design considerations
A. Combustion furnace volume

1. Flame to fill volume
2. Shape determined by type and number of burners

B. Typical energy release rates
1. In primary zone and overall
2. Comparison with other fuels-

C. FRrnace operating conditions

141rrnfri tat Oa
1. Pressure slightly
2. Velocities in convecti

nt

D. Breeching and stack
1. Draft control .

a. Natural .

b. Forced and/ot induced
2. Stack conditions

a. Typical flow rate (velocity)
b. Temperature

(i) Effect on heat losses
(ii) Minimum required to prevent condensation

VI. Operation and Control
A. Control Of air-to-fuel ratio

1. Flue gas analysis
2. Flame appearance and temperature
3. Burner nozZle adjustment

B. Evidence of insufficient air
C. Evidence of too much excess air
D. Safety considerations:

1. Start-up and shut-down procedures
2. Fuel changes should not be attempted without prio

thorough analysis by experts.
VII. Air pollution consideratfons

A. Most gaseclus fuels are clean burning in properly designed,
operated, and maintained equipment

B. Pollutant emissions from:
1. Operating Outside etable flame region
2. Insufficient air
3. Mmpxoper operation of burner:

b.-

a. urged by flash-back
at clogged by soot

4. Inadequate mixing

ree//1
5. Exceesive firing rate for given design

e. Uncontrolled emissions factors from gas-bur:Ting devices
. 1. Natural gas

2. Liquefied petroleuagas (LPG).

7

Slide 427-17-5

Refer to Student
Manual, p. 7-24.

Slide 427-17-6

Slide 427-17-7

Slide 427-17-8

Slide 427-17-9

Slide 427-171-10

Refer to Student
Manual, pp. 7-25
and 7-26.

to

Refer to Student "
Manual, Attach-
ments 7-11, 7-12.



LESSON PLAN

AMA 11110L4.1.11TI0N

TRAIN wee NOTITUTO

TOPIC: Fuel Oil Burning

COURSE. 427, Combustion Evaluation
LESSON TIME: 60 min.
PREPARED BY* DATE

J. T. Beard Aug. 1978

;

Lesson Number: 18

Lesson Goal: The goal of this lesson is to provide the student with an
accurate understanding of the design and operational parameters which
influence air. pollUtion emissions from fuel oil burning equipment.

Lesson Objectives: the end of this lesson the student will be able to:

describe the PDportant design and emission.chaiacteristics of oil burners
using air, steam, mechanical (pressure) and rOtary cup atomization;

describe the influence of temperature on on viscosity and atomization;

a
describe how vanadium and sulfur conteht in fuel oil influence furnace
corrosion and air pollution emissions; i

{-

describe burner nozzle maintenance and ita'influence on air pollutant
emissions from oil combustion installations; and

locatiSnd use tabulated values of oil fuel, properties and pollutant
factors to compute uncontrolled emissions from oil-burning sources.

'Student Prerequisite Skills: Course No. 427, Lessons Number 6, 9, 15, 16

. Level of Instruction: Undergraduate engineering or equivalent

r
Intended Student Professional Backgrounds: Engineers, techniCal staff, regu-

latory officials, and'otbers Who work in dbmbustion-related areas of air
. pollution control. ,

Support Materials and Equipment:.

1: Slide -projector

A'2.
Slide set for Lesson 18.

Special Instructions: None

18-4

1,1

.4
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References:,..

1. Combustion Evaluation in Air Pollution Control, Chapter 8.

) "Guidelines for Residential Oil Burner AdjustmAt," EPA-600/2-75-069a
(Oct. 1975).

3 "Guidelines for Burner Adjustments of Commercial Oil-Fired Boilers,"
EPA-6 (0/2-76/008,,published by Industrial Env. Res. Lab., USEPA
(Marc 1976). +

4. "Guidelines for Industrial Boiler Performance Improvement," EPA-600/'
8-77-003a, publrsbed by Industrial Env. Res. Lab., USEPA

5. Burkhardt, C. H., Domestic an Comm cial-Oil Burners, Third Edition,
McGraw-Hill Book Co., New York, 1969).

6. Ftyling, G. R:, Combustion Engineerinq, Revised Edit4on, published
by Combustion Engineering, Inc. New York (1966).

7. Steam: Its Generation and Use, 38th Edition, published by.Babcock
and Wilcox, New York (1972).
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SLIDE NUMBER TITLE OF SLIDE

-

LESSON 18: FUEL OIL BURNING

427-18-1

427-18-2

427-18-3.

427-18-4

427-18-5

427-18-6

.PURPOSE OF FUEL UIL BURNING

REQUIREMENTS'FOR COMPLETE COMBUSTION

M011 OF COMBUSTION OF FUEL OIL DROPLETS

APPROXIMATE VISCOSITY QF,FUEL OILS

TYPICAL EXCESS AIR-LEVELS
1.

,..VOLUMETRIC HEAT RELEASE RATES AND RESIDENCE TIMES
1

427-18-7 SCOTCN-MARINE,BOILER

427-18-8 INTEGRAL.FURNACE BOILER

427-18-9 WATER WALL TUBES-,

427-18-10 WATER WALL TUBES
4

427-18-11 INTEGRAL FURNACE BOILER, TYP D

427-18-12 _...47TICALLY -FIRED OIL BURNING FURNACE.,

427-19,13 TEMPERATURES.IN BOILER oF FREI/IOUs sum

427 -18 -14 BOILER, TANGENTIALLY FIRED,
,

427-18-15. WATVA -WALL FURNACE .CROAS SECTION (TANGENTIALLY FIRED)

427-18716. ATOMIZING.CHARACTERISTICS OF\DIFFERENT BURNERS

427718-17 ROTARY CUP BURNER

427-18-18 HIGH-PRESSURE ATOMIZER (DOilESTIC )

427-1-8-19 LOW-PRES SURC AIR ATOMIZER

427-18-20

427718-21

427718722

427-18.723 .SWIRL D CE FOR SECONDARY AIR

427-18-

LOWPRESSURE AIR ATOMIZER SKETCH

IOW-PRESSURE AIR ATOMIZER MOUNTED IN COMMERCIAL FURNACE

TANGENTIAL SWIL-3NOZZLES

HI E ATOMIZER

18-3



1

.

' ,

. SLIDE NUMBER TITLE OF SLIDE

MECHANICAL ATOMIZATION (WITH RETURN FLOW, spILL BACK)

EXAMPLES OF RETURN FLOW HIGH AND LOW FIRE

STEAM ATOMIZING (INTERNAL MIX)

STEAM ATOMIZINGF (INTERNAL MIX)

INTERNAL MIX STEAM ATOMIZING NOZZLE

t

INTERNAL MIX STENM ATOMIZING NOZZLE

INTERNAL MIX STEAM ATOMIZING NOZZLE
..-

.. -

- f -,......

STEAM OR AIR ATOMIZING BURI1ER (EXTERNAL MIX)
x

427-18725

427-18726

427-18-27

427-18-28

427-18-29

42.t.L18-30-

427-18-31
.

427-18-32

.,.'

-. ... 427-18-33'. INFLUENCE OF:DRAFT - CASE,.HISTORY
.

,4*

..

J8734
i

SMOKE - CO- CHARACTERISTI-
2.

...--7-
.

. . .

.

4'.

1

0
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CONTENT OUTLINE
Course: 427, Combustion Evaluation

Lechire TAW: Fuel Oil Burning

NOTES

I. IntroAUCtion
A. State the lesson objectives
B. Introduce fuel burning concepts

1. State the purpose (production of hot gases)
2. Discuss desirable featurei

a. Burning the fuel completely
b. Using a minimum quantity of air
c. Discarding the flue gas at a reasonably low

temperature
3. State requirements for proper combustion

a. Fine atomization (vaporization)
b. Good mixing with air (turbulence)
c. Continuous source bf ignit:ion (temperature)
d. Time to complete combustion
e. No quenching of gases until combustion is complete

C. Review and give examples of important fuel properties
1. Vaporization limits combustion rate

a. Kerosene
g b. No. 6 fuel oil

2. Contrast chemical ana physical behavior of dis-
tillate and regidual oil droplet
a. Distillation, thermal, and catalytic Cracking
b. Physical size changes with time
c. -Possible residue

3. Define viscosity, cite variatiOns, and give related
,design examples
a. No preheating fok No. 2
b. Preheating to 135° for atomizing No.
c. Preheattng to 185° for atomising No. 5
d. Preheating-to around 2100 for pumping and atom-

izing No. 6
4. Cite examplee of nOilierprobleim caused b foreign

matter In oil
a. Strainers required in the oil suction and dis-

.

charge lines
4 b. Small size burners may have fine-40E1h

or porous plug type filters
c. Some aystop, mechanically reduce partici

to allow flow throdgh the pump, filter,
nozzle

I/. Describe furnace sizes, applications; and distinguishing
features, such as heat release rate and residence time
A. Domestic or Residential

1.. ho. 1 or Nb. 2 fuel oil, N to 3 gph
2. Arouncl 40% exbess air e
3. Simple on(off combustion control
4. Annual nozzle maintenance

B. Commercial
1. 'Present,as xamples, Scotch marine,.HRT 4horizontal

return fire tube), and integral furnace water-wall
boiler.

18-5

Slide 427-18-1

Slide 427-18-2

Slide 427-18-3

Slide 427-18-4

Slide 427-18-5
Slide 427-18-6

Slide 427-18-7
Slide 427-18-8
Slide 427-18-9
Slide 427-18-10
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NOTES

2. No. 2, 4, 5, 6 fuel oil, 3 to 100 gph
3. Around 30% excess air
4. Standard designed package heaters and boilers
5. Typically use electric heating of oil

C. Industrial
1. Present, as an example, an integral furnace

boiler (D-type)
k 2. Large special-purpose heaters and boilers

3. No. 4, 5, 6 fuel oil, 70 to 3,500 gph
4. Around 15% excess air

D. Utility
1. Describe features ,of

horizontal, and tang
2. Sophisticated combus
1. Steam production at

radiant boilers with vertical,
tial
on controls and monitors
igh efficiency

4. No. 6 fuel oil, 3,500 to 60,000 gph
' 5. Around 3% excess air

Describe the design and operational features of example
burners as related to
A. Atomization size distribution'

1. Rotary cup burner produces large droplets, not
recommended because of poor combustion features

B. Fuel and furnace application
1. High-pressure atomizers for domestic or residential

applications
a. Pressure Of 100 psi

b. No. 4tfuel oil, to 30 gpil.

c. Swirl vanes to provide mixing by secondary air

d. Electrodes provide continuous source of ignition

2. Law-pressure air atomizers ior domestic application.

a. Oil and air pressure around 3 psi
b. No. 2 fuel oil, Is to 6 gph

c. Tangential air passages for swirl of primary
air prior to impacting film of oil

3. Low-pressure air atomizers for commercial applica-

^tions

a. Air .and oil pressure from 12 to 50 psi
b. -No. 2, 4, or 5 fuel oil, 5 to 150 gph

c. Describe tangential swirl nozzles
d. Describe swirl for secondary air

4. High-pressure atOmizers for commercial, industrial

applications
a. Oil pressure at gp to 300 psi
lg.. No. 4 or 5-fuel oil, up to 200 gph

5. Mechanical atomizei.for. indUstrial or utility

applications
a. Oil pressure 450 to 1,000 psi

b. No. 6 fuel oil Tilted up to 1,250 gph

c. Spill-back pre..ure adjustment for modulated
firirig

18-6

Slide 427-18-11

Slides 427-18-12, 13

Slide 427-18-14
Slide 427-18-15

Slide 427-18-16
Slide 427-18-17

Slide 427-18-18

Slide 427-18-19

Slide 421-18-20
Slide 427-18-21
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Slide 427-18-23
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Slide 427-18-26
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6

6. Steam (or air) atomizers for industrial or utility
applications
a. Oil pressure up to 100 psi and steam pressure

20 to 40.psi greater than oil
b. No. 6 fuel oil, rated up to 1,100 yph
c. Internal mix, desirable flame
d. External mix, not recommended due to hot, short

flame
e. Steam trap required to assure dry steam 'id-

liMit erosion of nozzle
IV. Factors Influencing Air Pollutants

A. Present emission factors for fuel oil combustion
1. Describe variations in particulate emission factors

a. Vary with fuel type because more ash in heavier
oils

b. For No. 6; asphaltine content may burn poorly
and varies wit. 1 sulfur content

2. Describe why emission factor coefficient for 802
is larger for residual oil than for distillate
a. Factor based on oil voluble rather than weight

therefore higher density gives higher co-
efficient

3. Explain variations in NOx emission factors
a, Fuel nitrogen
b. Equipment design influences to be presented

, in later lesson
4 Provide sample crlculation of use of emission 4

factor .

a. Point out that S in emission factor for 0.7%
sulfur fuel is 0.7, not 0.007.

B. Descritbe influence of vanadium content in fuel oil
(also coal)
1.. Deposited in ash on metallic surfaces.

a. Acts as catalyst for convereion of SO2 to SO3
b. Dew point problems (acid smuts, corrosion)
c. Low excess air also limits conversion to SO3

and acid smut emissions
d. Some SO3 desirable for.electrostatic pre-

cipitator operation
2. Switching to low vanadium fuel may be possible
3. Vanadium and sodium form

a. Sicky, low melting temp ish.deposits.
b. Increase foUling of metal surfaces
c. Corrosive

C. Describe soot blowing 1

1. Less of soot with oil than with coal
2. Frequency

a. Avoid buildup to maintain heat transfer
b. Keep ash4from becoming molten (hard to remove)
c. More frequent.with vanadium and sodium in oil

. Describe influence of fuel oil additivea
1. AluMina,ILdólomite, magnesia

a. Reduce superheater fouling, ash corrosion.

18-7
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b. May produce high melting point ash deposits

c. May form refractory sulfates in ash, removed
in soot blowing

2. Organometallic compounds of
a. Transition metals (manganese, iron, nickel,

and cobalt)
b. Alkaline-earth metals (bariumrand calcium)

3. Cata/ytio influences to reduce smpke and particulates
a. Oxidation of soot
b. Promotion of free radicals which react with soot

E(. Describe nozzle maintenance
1. Remove, check for deposits, cracks, wear, plugging

2. Clean deposits or replace
3. Frequency depends on installation

a. Once a shift for industrial and utility boilers

b. Once a year for residential burners
4. Poor atomihation

a. Changed atomization pattern
b. Larger droplet sizes
c. Longer flames with increased soot or slag'

F. Describe continuous ignition requirements
1. Continuous spark from electrodes in domestic units

a. 7,000 to 10,000 volt transformer
b. Proper positioning required in maintenance

2. Utility and industrial units typical programmed
starting sequence
. Pilot for start-up on gas or distillate oil

b. Auxiliary fuel during ,cold start to prevent

smoke
c. Modulated burner controls
d. Safety interlocks
e. Optical, pressure, or,temp. sensing equipment

G. Define draft and describe its importance for good

combustion
1. Negative pressure difference between furnace or

stack and ambient
2. Control required to assure

a. Velocities (residence time)

b. Air/fuel mixing
c. Settling for blown soot

3. Give example og too much furnace draft
a. Inadequate regidence time

4. Give example of too low stack draft
a. Inadequate pressure drop to pull gases across

convective seotion
5. Give example of negative draft

a. Furnace pressure greater than atmospheric

b. Gases leak out (rather than in) may cause
quenching (smoke) and structural damage due

tar overheating
c. Gaming Of operating personnel

6. Introduce the EPA recommended CO2/smOke adjustment

procedure to he presented in later lesson

18-8
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LESSON PLAN

TOPIC: Film "Combustion for
Control of Gaseous
Pollutants

COURSE: 427, Combustion Evaluation
LESSON TIME: 30 min.
PREPARED BY: DATE

L. U. Lilleleht Oct. 1978

Lesson Number: 19

Lesson Goal: To review and reinforce the *udent's understanding of the funda-
mental combustion concepts in controlling gaseous pollutants througt direct-

flame or catalytic incineration-and by flares.

Lesson Objectives: At the 4nd of this film the student will be able to:

'list the four items necessary for effecdVe disposal of gaspous pollutants

by combustion;

give the limit(s) on pollutant concentrations for direct-#ame and catalytic

incinerators nd cite reasons for such limit(s);

compare the jor advantages and disadvantages of catalytic incinerators
over direct-flame incinerators; .

outline the operating principles of a flare; and

list the conditions under which a flare can be used for disposal of com-
bustible gases.

Student Prerequisite Skills: First-level college'chemistry.

Level of Indtruction: Undergraduate engineering or equivalent

Intended Student Professional Backgbounds: Engineers, technical staff, regu-
latory officials, and others who work in combustion-related areas of air

pollution control.
4.;

Support Materials and Equipment:

1. Film-- "Combustion for Control of Gaseous Pollutant's"

2. 16-mm sou0 movie projector with a 12 inch diameter take-up reel.

Special Instructions: None



References:

1. Combustion Evaluation in Air Pollution Control, Chapter 13.

2. APTI Course 11415: Control of Gaseous Emissions.

a
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CONTENT OUTLINE
Course: 4270

Lecture
Combustion Evaluation
Film-, "Combustion for 'Control
of Gaseous Pollutants"

I. Intrdduction
A. This film will serve as an introduction to the control

of gaseous pollutants by combustion. It will also be

a brief refresher for those-students who have already

-had Course #415,. Control of

B. The film presents the fundamMUTITttltl tarnr.d

flame incineration, catalytic incineration, and flares.
/ C. APPeAting principles are explainod athematically,

followed by illustrations of actual hardware.
D. The student is also introduced to the concept df pnergy

.conserVation through the US4 of heat recovery.
II. "Cdftbustion for Control of Gaseous Polluta9ts"

III. Discussion of comments and guettions raised by viewers.

T 1

Ave of

NOTES

. a
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TOPIC: Direct-Flame.and Catalytic
Incineration

COURSE: 4.27, Combustion Evaluation
'LESSON TIME: 60 min.
PREPARED BY: DATE

L. U. Lilleleht Oct. 1978

!.

\ V

Lesson Number: 20
C."

Lesson Goals: To prolliee the gtuaent with an understanding of the combustion
,techniques available for controlling gaseous and volatile organic pollutants
abd, with design bases.for ther 1 or catalytic afterburners.

Lesson Objective8: At thecid^of this 1egson the student will be able to:

cite examples ofgir pollution sourcea where airect-flame and catalytic
afteEpprners are used to control gaseous emiOsionS;

4,

describe the influence of temperature on the, residence time requited for
proper operat.ion of rburners;

apply fundamental,c on calculations to determine the auxiliary fuel
requirep for direct7flaNe and catalytic incineration with and without
energy recovery; # ,

dos 1.
list thite reasons fdpn_drss of catalytic activity and ways of preventifilg
such tss; and

.

cIte methods available for reducing afterburnek operating costs._
\

Student Prequfsite Skills: Course 427, Lessons 2, 3, 5, 6, 17-

1,Level of Instruction: Undergraduate engineering or equivalent

!Intended Student Professional Backgrounds: Engineers, technical s ff;.regu-
latory officials, and others who work' in combustion-related areas of air

'pollution control,
.4 o r

. ,Support Materials and Equipment:
e

4,1. Slide projector

. Slide set for\Lesson 20

\.

: 20-1
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Special Instructions: None

References:

1. Combustion Evaluation in Air Pollution Control, Chapters 2, 7, 13.

2. Edwards, J. B., Combustion-- The Formation and Emissiqn of Trace
Species, Ann Arbor Science Publishers, Ann Arbor, Michigan (J,974).

.

3. "Control of Volatile Organic Emissions from Existing Stationary Sources,"
Vol. I, USEPA Report No. EPA-450/2-76-028 (Nov. 1976).
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SLIDE NUMBER TITLE OF SLIDE

427-20-1

427-20-2

427-20-3

-427-20-4-

427-20-5

LESSON 20: DIRECT FLAME AND CATALYTIC INCINERATION

CONTROL OF OBJECTIONABLE CASES AND VAPORS

COMBUSTION EQUIPMENT

_DIRECT FLAME OXIDATION

-COUPLED EFFECTS OF-TEMPERATURE AND TIME ON-HYDROCARBON

OXIDATION RATE
4

TYPICAL THERMAL AFTERBURNER EFFECTIVENESS FOR HYDROCARBON

AND MONOXIDE MIXTURES

427-20-6 .INDUCED DRAFT FUME INCINtRATOR

427-20-7 DIRECT-FLAME AFTERBURNER

427720-8 CATALYTIC AFTERBURNER SCHEMATIC

427-20-9 OXIDATION TEMPERATURE

-427-20-10 'INDUSTRIAL APPLICATION§ OF CATALYTIC COMi3USTION

427720-11 TYPICAL CATALYSTS AND THEIR SUPPORTS

427-20-12 "LOSS OF CATALYST ACTIVITY

427-20-13 Mk CATALYTIC INCINERATOR WITH 'RECYCLE AND HEAT ECONOMIZER

427-20-14.: CERAMIC BED REGENERATIVE-TYPE INCINERATOR AND-HEAT

RECOVERY SYSTEM

17
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nwrse: 427, Combustion Evaluation
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Lecture Title:

irect-Flame and
Catalytic Incineration
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4 of 5

NOTES

I. Introductidn '

A. State the goals and objectives of this lesson
B. Outline the need for controlling gaseous and aerosol

wastes
1. Precursors for atmospheric oxidants
2. Economics

C. Mention sources of emissions of volatile or9anic com-
pounds\s(VOC)

D. Discusk.VOC control strategy:
1. Substitution of solvents
2. Process and material changes
3. Add-on control devices

F. Enumerate VOC control methods:
1. Absorption
2. AdsorPtion
3. Incineration

a. Therfial

b. "Catalytic
4. Chemical conversion

F. Describe gaseous and aerosol waste incineration equip-

ment
II. Direct-Flame and Furnace Incineration

Consider the oxidation reaction
1. Gases at less than 25% LEL
2. Time-temperature relation

a. For hydrocarbons
b. For hydrocarbon and carbon monoxide mixtures

B.? Discuss the use of existing process heaters
1. Requirements for use

C. Describe thermal incineration afterburners
1. Typical design bases:

a. Temperature--1,200-1,5000F
b. Time 0.3 to 0.6 sec.

c. Mixing (turbulence)
2. Auxiliary fuel burner

a. Source of combustion air

1

(i) 1.41stp. gas

2 iTesh outEd.de air

b. Fuel requirement
(i) Hypothetical available heat calculations

c. Mixing of combustion products With the waste gases
(i) Arrangement of burners

(ii) Baffles
(iii) Velocity for good mixing

3. Furnace chamber design parameters
a. Velocity of gases
b. Shape L/D greater than.2
c. Material of construction

(i) Choice dictated by temperature

III. Catalytic Incineration
A. Tresent principles of operation

20-4
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Direct-Flame and
Catalytic IncinerationLecture rifle:

five _I_ of 5

NOTES
tr.

1. Mechanisms of catalytic activity
a. Reaction at lower temperature

(i) Compare with furnace incinerators;
(ii) Less auxiliary fuel

(iii) Less expenqoive materials of construction

B. Describe typical oxidation catalysts
1. Materials
2., Loss of catalytic activity from:

a. Poisons
b. Suppressants
C. Fouling

C. Discuss operational requirements
1. Typical equipment arrangement
2. Combustibles at less than 25% LEL
3. No particulates
4. Hot start-up to avoid carbon deposits

IV. Methods'for,Reducing Afterburner Operating Cosi',
.Codlaider 'eliminating or reducing separate Umbustion

-air intake
1. With waste containing 16% or more oxygen
2. Hypothetical available heat calculations

B. Mention the use of heat-recovery devices
1. Regenerative
2. Recuperative sys

. ,
.1

3. Reported range of heat recovery
4. Actual energy savings

C. Discuss the burning of combustible waste liquids

D. Propose using incinerator exhaust as a source of heated

inerttgas for dryers, etc.

20-5
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Manual, Chapter 2,
and Lesson No. 5.
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LESSON PLAN

AIR INOLLUTRIN
TRAMMING SNOT ITtrTS

TOPIC: Problem Session Vt
Afterburner Design

COURSE. 427, Combustion Evaluation
LESSON TIME: 45 min.
PREPARED BY DATE

L. U. Lilleleht Oct. 1978

Lesson Number: 21

Lesson Goo/ To provide the students with expe nce in calculating the
auxiliary fuel requirements for an afterbur installation and to develop
an appreciation for the design bases and pr. eters.

Lesson Objectives: At the end of this less n the stlidept will be able to:

determine auxiliary fuel requirements WI h separate fresh combustion air
intake;

estimate the volumetrilo flaw rate of gases through the afterburner at the
specified incineration temperature;

determine the dimensions of the afterburner to achieve the necessary leel
of mixing.and effluent residence time; and

petform the above calculations without fresh combustion air intake but
using instead the oxygen in the contaminated stream for combustion.

Student Prerequisite Skills: Course No. 427, Lessons 2, 3, 17, 19, 20

Level of Instruction: Undergradliate engineering or equ4valent

Intended Student Professional Backgrounds: Engineers, technical staff, regu-
latdry officials, and ()piers who work in combustion-related areas of air
pollution control.

A

Support Materials and Equipment:

-1. Blackboard and chalk or an overhead projector with transparency
material and pens.

2. Wbrkbook for Combustion Evaluation in Air Pollution Control, Chapter V.

3. Hand-heid calculator or slide rule.

Special Instructions: Assign Problem V.2 for homework.

21-1"
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. Refe.rences:

1. Combustion Evaluation in Air Pollution Control, Chapters 2 and 13.
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CONTENT OUTLINE
CVWS0111: 427, Combustion Evaluation

Problem Session V:Lecture Title: Afterburner Desi n

f-uge of

N OTES

I. Introduction'.
A. State the goals and objectives of this lesson.

II. Problem V.1.: Afterburner Design for Meat Smokehouse Effluent
A. Present the problem statement and solution (by instrUctor):

Consider a meat smokehouse discharging 1,000 scfm 4ffluent

at 150°F, which needs to be treated to control a very
low concentration of pollutants at the partsrper-million
level. This could be accomplished by thermal incinera-
tion at 1,200°F for at least 0.3 seconds.
Determine:
1. The natural gas required for preheating the con-

taminated effluent to 1,200°F using all fresh
combustion air intake.

2. The afterburner throat diametek to give 20 ft/sec
throat velocitysfor good mixing.

3. The diameter and the length-of the afterburner for
a minimum L/D ratio of 2 and afterburner chamber -

velocity of 12 ft/sec.
B. Present the reasonable assumptions:

1. The amount of combustibles in effluent gases is
very low: there is ne contribution to the heating
value due to their oxidation.

2. Effluent gasps have the same thermal properties
ad air.

3. Intake Abustion air is available at 60°F.
C. Choose a basis for calculation.
D. Determine the mass flow rate of effluent
E. Estimate the heat required to raise effluent temperature

to 1,200°F.
F. Determine the amount of natural gas requirecl
G. Compute combustion products and effluent volume at

1,200°F.

H. Determine afterburner throat diameter.
I. DeterMine incinerator chamber diameten and length.

J. Chnck the residence time. 0

K. Discuss other design options:
1. Reduced auxiliary fuel'by using oxygen from effluent

stream.
2. Heat' recovery from aifterbOrner effluent.

Itt. Outline procedure for calcul ing hypothetical available

heat. .

rv. Problem V.2: Afterburner Design with Combustion Oxygen

from the Contaminated Effluent
A. Assign this problem for homework.
B. Present the problem statement:

Assume that the meat smokehouse effluent in Problem V.1
has also the same composition as air (21% by volume _

oxygen) except for the minute concentration of con-
taminants. Repeat the calculations of Problem V.1,
but use the oxygen from the smokehopse effluent for
combustion of the auxiliary fuel as much as possible.

21-3

Refer to Student
Manual, Refer-
ence 7-1.
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Determine:
1. The hypothetical available heat for this afterburner

.application.
2. The natural gas requirements.and the fraction of

combustion oxygen available from the effluent.
3. The afterburner dimensions as in Problem V.I-3.

C. State other assumptions: A mixing-plate type burner
(eee-Attacintent 7-,6) will be need in this-application..
A ring baffle, which was used in Problem V.1, will
therefore not be necessary to obtain good mixing
between the auxiliary fuel combustion products and the
effluent to be incinerated.

D. Outline problem solution
1. Diecuss choice of burner and type of afterburner

hardware 06

2. Describe how to determine auxiliary fuel require-
ments, including the calculation procedures to be
used for "hypothetical available heat."

3. Answers to Problem V.2 are to be confirmed during
the Homework Review pellod.

Nye

21-4
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Refer to Student
Manual, AttSch-
ment 7-6, p.7-22.
Refer to Student
Manual, Reference
7-1, and Student
Workbook, Chapter
V, Problam V.2.



PROBLEM-V.1:

CHAPTER V

AFTERBOWNER DESIGN PROBLEMS

Afterburner Design for Meat Smokehouse Effluent

ConSider meat smokehouse discharging 1,000 scfm effluent at 15 .
which needs td be treated to control a very low concentration of po
tants at the parts-per-million level. This could be accomplished by
thermal incineration at 1,200°F for at least 0.3 seconds. The follow-

-%

ing are reasonable assuMptions:

1. The amount of combustibles in effluent gases is very loW:
there is no contribution to the heating value due to their
oxidation.

2. Effluent gases have the same tliermal properties as air.

3. Intake combustion air is available at 60°F.

Determine:

1. The natural gas requi d for preheating the contaminated
effluent to 1,200°F using all fresh combustion Air intake.

2, The afterburner-throatdiameter to give 20 ft/sec throat
velocity for good mixing.

3. The diameter and the length of the afterburner for a minimum,
L/D ratio of 2 and afterburner chamber velocity,of 12 ft/sec.

Afterburner
Schematic: -Clean Flue Gages at 1,200°F

Waste Effluent
1,000 Scfm .

at 150°F
A

Natural-;Gas,'Ggis

Combustion Air, GAir at 60°F



Solution to Problem V.1:

Choose as a basis for calculation:

1 hour operation

Part 1,

a. Calculate wast.e effluent flow rate,. m (lb/hr)

= Avolume flow ratO (density)

Since assumed effluent to have properties 6f air, density from Attach-
ment 2-1, p. 2-23 of the Student Manual.

= (1,000 scfm) (0.0766 lb/scf) (60 minIhr) = 4,600 lb/hr

b. Calculate the heat required to increase the effluent waste stream
temperature from 150°F to 1,200°F, allowing for 10% loss (i.e., multiply

by 1.10):

Q .1.10 rn Aii

Enthalpy difference, gAH, obtained by using Attachment 2-7, p. 2-29

of the Student Manual:

Enthalpy of air at 1,200°F : 288.5 Btu/lb

Enthalpy of air at 150°F is: 21.6 Btu/lb

Thtrefore, = 266.9 Btu/lb

Therefore,

Q = (1,10) (4,600 lb/hr) (266.9 Btu/lb) 1.35 x 10
6
Btulhr.

,

(v-2)

-216
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c. Availab)(2 hOat from natOral (las, Oft (Btu/set)

Assume: Gross heatinqtvalue of natural gas

Theoretical cpmbustion nir

CoMbustion products

1,0Y) utu/scf

10.0 scf dir/scf gas

--,-- 11.1 scf/scf gas.
^

From Attachment 2-9,.p. 2-31 of the Student Manual, obtain'for 1,200°F
flue gas temperature:

QA -= -690 Btu/sof

(This is the amount of heat remaining after the combustion products
. from 1 scf.of gas are raised to the afterburner temperature. This

heat is then available for heating the waste effluent to the same
afterburner temperature.)

d. Natural gas needed, G
gas

(scfh):

G
gas

= (1.35Px 10 Btu/hr)/(690 Btu/scf gas) = 1,960,scf gas/hr.

Part 2.

a. volume of combustion products at 1,200°F, Gp (ft3/sec):

Gp (1,960 scf gas/hr) (11.0 scf prod/scf gas) (460 + 1,200,°R)/(460 + 60,°R)

68,800 ft 3/hr 19.1 ft 3/sec.

b. Volume of waste effluent at 1,200°F, GE (ft3/sec)

(1,000 scfM)1460 + 1,200,°R)/(460 + 60,°E)

. .

= 3,190 ft3/min 22 53.2 ft3/sec.

C. Total volumetric flow of gases to the afterburner chamber through the
throat:

G
tot

+ G
E

=: 19.1 + 53.2 = 72.3 ft3/sec.

.t



A

iqteiburner tit/oat area Athroat
2n(114

Throat diameter d '411khroat/11'.

, Now the velocity through the throat is:

throat G tot/Athroat
.6

Combining Equations (A) and (B) above to eliminate the throat area ,

_ _

and solving for throat diameter, d :

.qtot

11.7T Vthroat
4

Por required throat velocity of 20 ft/sec:

[I(4/10 (72.3 ft3/sec) / (20 ft/sec) = 2.15 ft

Part 3.

Afterburner chamber velocity specified at 12 ft/sec. Thus chamber dia-

meter, D, obtained from Equation (C) above' with Vthroat
replaced by

Vchamber = 12 ft/sec

[:(4/n) (72.3 ft3/sec) / (12 ft/sed = 2.77 ft .

Length of afterburner chamber (L/D > 2)

Minimum L 2D = (2).(2.77) = 5.54 ft

Check residence time, t

L/Vchamber = (5.54.ft) / (12 ft/sec) = 0.46 sec

Since t, =. 0.46 sec is greater than the minimum required residence

.time of, 0.30 sec, the above design is satisfactory.
P.

(NI

21-8
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Note: Natural gas requirements can be reduced by:

(i) heat recovery from clean gases to preheat incoming

waste effluent, and

.(ii) using oXhygen from the waste e uent stream for

combustion,-thereby reducing primary air require:

ments for the auxiliary fuel.

This latter option is illustrated in Problem V.2.

Ph

49

1 75
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PROBLEM V.2:
/

Aft rburner Desiga witIVCOmbustion 0x4gen from the
Contaminated EfflEent

1,4 Assume that Xhe meat smokehouse effluent in ProbleM V.1 has also the
same composition as air _(21% by volume oxygen) except. for the minute

, concentration of contaminants. Repeat'.the calculations of Problem V-.1,
but use the oxygen :dom the smOkehouse effluent for Combustion of..the

. .auxiliary fuel as metch as possible .
t N , 4-

Reasonable assumRtioils are: 'a mixing-plate type burner (see Attach-
. ment,' 7-6) ..wf11 be 4434, in this app1icati.6ni 'A rind Niffle, which was
used -in .Probtem V.1, mill .therefoxe not be necessary to obtain good .

rixing between-the auiciMary-flier. ipmbustion products and, the effluent
. ,

to ibe. ncinerated. .
.0 7 1 w

t
' I

.4

VI -

Determine:
')11

,

- .

1. The hypo,hetAailEvlable heat for this 4fterburrner
- '-.

2. The i. natural *as e ntS and the fraction Rf combustion oxy-
gen available from 1

4. -,,'
#

.Ni':
fe, ...--..,#. : ..!

3. The afterburner. d ons as in" Problem V,1-3.
.. . ,

.

.. , a . ..4 -
. .- tr.

. .
. ..4,Solution to Problem .

. ,'-... ,

Preliminary- Notes on Hypothetical Avai1S.4ile neat' Calculations :
-

. '., -; k. - , . ". - 0"

l

-' ,

.

, ...

0 'Let X fraction of thebtetoi 2.cal air ,fov btirning auxiliary fuel entering.e. through the burner (primary or fresh. ihtake air.) . .
, . # t.-. .

0
,i..=

....,
fraction of theoretical air from waste effluent.. -Ti

. )! .
. -, HE ----1 heat. content (enthalpy) of effluent at-final' teMperatur6

J ' ,

. ...

4 e .-

4
4 . '4!S N ,

C ' AirN. (0.24 EftW1b-0, F) (-6b., °F)" ;
P ,

6..... . ,.... ,,
1 , . 2

w
A
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.

. Heat content, Q, of that combustion air at final aft.erburner tempe;ature

w Am (1 X) Ht

,V Since this amount of heat, Q, Es no longer needed to heat.up 'fresh intake
(primary) air, it will be available to heat the rest of the contaminated
effluent. Thus we have a "hypethetical" availab34 heat, QA:

4r.

I

where

4

QA A (1 - X) p HE
Th

QA

7 o

.obtained from sources such as Attachment 2-9, p. 2-31 of
the Student Manual

4.0766 lb air/scf

10.0 scf air/scf natural gas burned (typically)

H
E calculated from Equation' (A)

.,
For a. natural gas with 1,059 Btu/scf gross'heating value and theaboVe
blikning characteristics, the hypothetical ,Vailable heat as a funaion

_

of the afterburAer temperature is:. ,

i

r
-4.-

(C)

7

Afterburner TemperatUre
oF

oft.

". Hypothetic* Available Heat
Q, Btu/scf gas

600

800

1,000

, 0

)785

.740

+ 100 (1 - X)

+ 136 (1 - .X)

+ 1,3 (1 X)

1,200 690 +_210 (1-- X)

. 1,400" '- 645 +.246 k,- x)

1,600 600 + 283 11N X)

1-,800 550 + 320 (1 -

(V-7).
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a.

Part. I.

Assume first that no primary air is needed, i.e. X 0, nd all combustion
air coMes from the waste effluent. This needs to be checked; if assump-
tion is not justified, adjust value of X and go through the calculations
again.

Hypothetical available heat fdl- T 1,200°F:

V1
A

Part.2.

210- (1'-.0) =

IN6xiliary natural gas fuel
(

ne ded

1

900 , Btu/scf gas

*

Ggas = (Heat to raise effluent to 1,200°F)/n

..-- (1.35 x 106 Btu/hr)//1 900 Btu/scf gas)

1,500 scf gas/hr

Theoretical air needed to burn auxiilary gas:

Gair (Ggas (ATh)

250

t.

sc gas/hr) (10.0 scf air/S-cf gas)(60 min/hr)

scfm air.

Compare the above Gair with'volumetric flow rate of waste effluent (which
ts equivalent to air);
,

LP

,

1 . If G . < G ,air effluent'
then assumed value of dustffied and.proceed

.
to next part. r

r

then adjust X accordingly and repeat-al:ryeIf G.air
calculations.

.
,

geffluent,

(V-8)

21-12 ,
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Part 3.

Auxiliary fucl combustion products a4) 1,200°E G'

(Ggas scf gas/hr) (11.0 scf prod./scf gas) (460 + 1200)/ (460 +60)

52,670 ft3/hr

14.6 -ft3/sec-

Waste etfluent'volume at 1,200°F, G, after removing portion already.
accounted for in auxiliary fuel burning:

vrc1-aidlrrnIfl Pro4 1 mni460 + 1,2P 39.9.
(GI (1,000 G

ft3/sec
air 460 -+ 60 60 sec

S4

Total volumetric flow to afterburner:

G r= G G'
tot

sI

14.6 4. 39.9, = 54.5 ft3/sec.

Afterburner ehamber Diameter (Equation C from Problem 1,.1):

[:(4/n) (Gitot) / .(12
ft/secj:r = . 2.40 'ft.

Afterburner length:

L = 2D = (2)
2.40 ) 4.80 ft.-

Residence time (Equation (E) from Problem V.1 ):

m WVchamber
4.80 ft) / (19 ft/sec)

.-.

A.
(V-9)

-21-13 8"r)
.

0.40 sec

> 0.3; hence O.K.

4.
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LESSON PLAN

TOPIC: Coal "Burning

4

COURSE: 427, Combustion Evaluation
LESSON TIME: 105 min.
PREPARED BY: DATE

F. A. Iachetta Aug. 1978

Lesson Number: 22

Lesson Goal: The goal of this lesson is to provide the student with state-of-
the-art., information about coal combustion design and practice.

Lesson Objectives: At the end of this lesson the student will be able t

describe the design characteristics and operating practice of ccol.
burning equipment, including overfeed, underfeed, and spreader
stokers, as well as pulverized and cyclone furnaces;

discuss the parameters that influence the design of overfire and
underfire air'(in systems which burn coal on grates) and for primary
and secondary air (in systems which burn coal in suspension);

dpscribe the influence on the amount of volatile matter and fixed
carbon in the coal on.its proper firing in a given furnace design;
-and

describe how changing the ash content and the heating value of coal
can influence the combustion as well as the capacity of a specified
steam generator.

Student Prerequisite Skills: Course 427, Lessons 6, 9, 15, and 16.

Level of Instruction: Undergraduate egineering or,equivalent.

Intended Student Professional Backgrounds: Engineers, technicarstaff, regu-
latory officials, and others who work in combastibn-related areas of air
pollution control.

'Support materials and Equipment':

*
1. Slide piojecter

2. Slide set for'Lesson

22 -1



Special Instructions: None

References:

1. Combustion Evaluation in Air Pollution Control, Chapter 9.

2. Steam, Its Generation and Use, 39th Edition, The BabcclEk and Wilcox
Company, 1978. l.

3. Field Surveillance and Enforcement Guide: Combustion and Incinera-
tion Sources, Entfironmental Protection Agendy APTD-1449, June 1973.

4. /"Overfire Air Technology for Tangentially Fired Utility Boilers
Burning Western U. S. Coal," EPA-600/7-77-117, IERL, Environmental Protec7
tion Agency (October 1977).
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SLIDE NUMBER TITLE OF SLIDE

LESSON 22: COAL BURNING \

427-22-1 COAL RESERVES BILLIONS OF TONS

427722-2 COAL SOURCE DISTRIBUTION

427-22-3 COAL ANALYSIS

427-22-4 INFLUENCE OF FIXED CARBON AND VOLATILE MATTER ON FIRING

EQUIPMENT

427-22-5 CHAIN GRATE STOKER

427-22-6 VIBRATING GRATE STOKER

427-22-7 UNDERFEED SINGLE RETORT STOKER

427-22-8

427-22-9

427-22-10

427-22-11

; .

". 427-22-12 ..SPREADER STOER SCH'EMATIC-

427 -22:13 -44\ SPREADERSTOrk

427-22-14 -CYCLONE FURNACE

mr
427-22-15 PULVERIZED COAL-FIRED BOILER

tw,

427-22-16 CYCLONE FURNACE

SECTION THRU UNDERFEED STOKER

UNDULATING GRATE SZOKER

PULVERIZED COAL 13URNER

MULTIFUEL B6RNER

427-22717 BOILER WITH CYCLONE FURNACE

427-22-18. COMBUSTION AIR - THEORETICAL

427-22-19 COMBUSTION AIR - GIVEN ULTIMATE ANALYSIS

4211-22-20: EFFECT OF COAL FIRING RATE A
,

427-T22721:
A

IZE CONSIST

EFFECT OF EXCESS AIR (FLUE GAS CO
2

ON COMBUSTION

.EFFICIENCY . .

p.



CONTENT OUTLINE
, a zaz

Course: 427, Combustion Evaluatilon

Lecture Title: Coal Burning 14 molt-

er

I. Introduction
A. State the lesson objectives
B. Introduce Coal Rank

1. Note classification based' on ASTM D-388

2. Point out that moisture is tabudated as natural coal-
*team moisture, not the moisture which may be absorbed
during handling

C. Mention the importance of coal resources and sulfur
content
01. Point out reserves are estimates which consider the

present technology and economies
2. Note coal reserves reigesent ten times the estftated

energy reserves of oil, gasi.oil-shale, and nuclear
fuel.

D. Discuss the availability of bituminous coals in terms
of sulfur content and source.
1. Note that a modern coal-burning generating station

requires 3.5 to 5.0 million tons of coal per year
per 1,000 Me, depending on whether Eastern or
_Western coal is burned.

2. Point out a 1,000 Me output requires between 93
and 140 baal car loads per day using modern 100-ton
cars.

3. Illustrate the air-land pollution interaction repret.i)
sented by ash.

II. Coal Properties'and Their Influence on Furnace Design

A. Ultimate and proximate analysis

of

NOTES

1. Remind stude ts.that ultimate analysis
is a mass b pis'chemical analysis
a. Point tAtsh contains all noncombustibles and

is usually composed,of 50% or more of silica
b. Emphasize use of ultimate analysis to compute

airAgliuired.
2. Note thallignificance of proximate analysis in terms

ot.burning characteristics
a. Point out residence-time dependency on fixed

carbon
b. 'Explain the influence of volatile matter in the

design for air distribution because .of volati-

lization.
c. Discuss the fixed carbon/volatile matter influ7

ence on stoker overfire and underfire air

d. Outline the problems of.a furnace which bdrns
coal having leis 'heating value and higher moii-
ture cqntent than assumed in the depign.

e. Discuss the influence of moisture and volatile
matter on peerizer operations.

E. Sulfur content
1. Note that.S0x emission is,dirattlg attributable to

presence of sulfur in coal

2. Adcount for sufiur in h6ttom atih, noting about 95%

of sulfur usually appears in the stack gases as so2O.
,3. Emphasize influence of sulfur on ash-fuSion tenpera-

ture
2 -4

Refer to Student
Manual, p. 3-19.

Slide 427-22-1

Slide 427-22-2

Slide 427-22-3

Slide 427-22-4
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CONTENT OUTLINE..
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Course: 427, Combustion Evaluation
Lecture Title: Coal Burning Prio1*-

Page 5 of 9

NOTES

4. Discuss coal's spontaneous ignition behavior and
the influence sulfur has on it.

C. Ash content and fusion temperature
1. DisCuss the'effect of ash content on the design of

underfire air supply to stoker-grate units
a. Point out bed-depth air-'flow resistance-

.

b. Note that continuous-discharge grate drives
requirelash content to stay in a given range

2. Use emission factoeinformation to illustrate par-
,i.,culate emissions as a function of ash

a. Note the effect of fly ash re-injection
b. Poin. out that the computation is based ,on the

% ash, e.g., 10% ash gives uncontrolled emission
from okers

x IU =, 130 lbs/ton

ion -,Lej,ure
a. Discusa!range needed to avoid "clinkers" or slag.
b. Note the need to have a temperature high enough

to permit particle "freeze" while gas is entrained.
c. Outline 'the temPerature-viscosity range required

for cyclone and wet-bottom furnaces. A
III. Coal Firing Arrangements

A. Explain methods of stoking
1. Point out that the overfeed principle is essentially

the mechanization of a man shovelling coal Over a
+hearth onto a grate-supported fuel bed.
a. Note the variety of stokers using the overfeed

principle
(i) Chain or travelling grates

(ii) Vibrating grate -

b. Discuss the use of sectionalized wind boxes under
the grates.

c. Point out need to vary underfire air pretsure
from compartment to compartment

d. Describe the location of overfPre4air jets rela-
tive to "greencoal.

2. Discuss the underfeed-stoker operating principle
a. Note that the method requires little or no,bver-

fire air since volatiles must, pass through the
burning bed

b. Illustrate the mechanical design provisions
to help deal with a high caking-index problem

3. Outline suspension burning principae: the combustion
of a highly fluidized solid
ft. Note that high fixed carbon requires either longer

residence time or a finer grind ,of coal.
b. Explain air distribution noting the use of pri-

mary air to transport coal.
c. Point out there is an option to introduce.secon-'

dary air either at the burner or elsewhere.

2275

Refer to Student
Manual, p. 5-30.

4

Slide 427-22-5
Slide 427-22-6

Slide 427.-22-7

Sltde 427-22-8
Slide 427-22-9
Slide 427-22-10
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1*, CONTENT OUTLINE
nwrss: 427, Combustion EvaluatrOn

Lectvre coal Burning frit P1401t'
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NOTES

-d. Discuss the effects of ash content and wet
versus dry bottom on particulate emissions.

4. Describe spreader stoker as a way to combine the
suspension and overfeed principles 4

a. Note the influence of feed coal size consist
on dust loading

b. Point out the usual size: 1 to 111 inches

nut and slack, less than 20% fines with an ash
content of less than 10%

c. Give boiler steaming-capacity range up to
400,000 lbs/hr

d. Note the pse of either dump or continuous ash
discharge grates and problems with dunp type

5. Discuss the cyclone furnace. Note it is a hori-
;ontal, cylindrical, water-cooled furnace.
a. Note that coal is crushed so that 95% of it

passes through a No. 4 screen
b. Explain the conversion of coal to slag and pay

pitrticular attention to the importance of ash
fusion temperatures

C. Point out lower particulate loading and higher
NOX relative to other coal burning units

B. Burner Locatiou
1. Explain all gratd-burning systems
2. Discuss various pulverizer arrangements, including:

a. Front-fired units
b. Front- and back-fired units
c. Corner-fired units

3. Compare cyclone furnace location with other burner

systemS
4. Discuss load variation* which can be tolerated by

different burning arrangements
a. Point oat single pulverizer turn-down ratio may

be 3 or less.
b. Note that spreader stoker's tend to smoke when

operated at 25% of design or less.
Define volumetric energy release rate and discuss coal
feed rates for each type of feeder
1. Emphasize single underfeed stoker applications

usually are limited in size and produce 25,000 to
30,000 lbs/hr stemit generation
a. Not% the need for ash fusion temperature above

2,400°F and miniMal fines in the coal

b. Note the grate criteria of 400,000 Btu/ft2hr

with waterwall or 300,000 Btu/ft2hr if refractory

walls
2. Chain-grate stoker firing 4ate ranges from 300,000

to 500,000 Btu/ft2hr
a. Point oa that the higher value applies to cool

having low. ash (5 't.o 12%) and law moisture (less -

than 19% moisture) and that the lower value
corresponds to 20% moisture, with 3 to 20% ah

C.

22-6

Refer to Student
Manual, pg. 5-30.
Slide 427-22-12

Slide 427-22-13

sr.
Slide 427-22-14

Slide 427-22-15

illustrates a
front-fired unit

Slide 427-22-16
Slide 427-22-17
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NOTES

3. Discuss the influences of travelling or dump grates
on the firing rate for spreader stokers
a. 400,000 Btu/ft2ht maximum for dump grates and

up to 750,00d Btu/ft2hr for travellingorates
b. Note the value in either case assumes an ash

content of less than 10% and at least medium
volatile coal Ate

c. Explain that a response-time 'advantage can be
gained by using a thin fuel bed (2-4 inches)

4. Point out the water-cooled grate feature of vibrat-
ing grates
a. Note the maximuM release rate of 400,000 Btu/ft2hr

5. Discuss the differing criteria which give rise to a
fuel rate based on 450,000 to 800,000 Btu/hr ft3
in a cyclone furnace.
a. Remitid students that a dry-basis ash content

between 6 and 25% is desirable.
b.' Indicate the need for low-sulfur coal

6. Discuss pulverized coal burner energy rates up to -

165 x JØb Btu/hr
a. Point out the need for high volatility coal
b. Note dependence of fineness on ASTM fixed

IC
carbon rank (70 to 80% passing 200 mesh screen
with fixed carbon 69 to 86% respectively)-

IV. Air Requirements and Distribution
A. 'Total combustion air

1. Show compdtation of stoichiometric air using equa-
t.ion 9.1, p. 9-6, Student Manual:

02
11.53C + 34:34 (82 ) + 4.29S

8

a. Note that C, H2, 02, S are precent-by-weight of
these elements as given in the ultimate analysis.

b. Point out that the analysis uied should be con- -

verted to an "as fired" condition

c. Explain the (H2 - 432 ) term is "free" hydrogen
8

and point out that this term.assumes that all
the 02 in coal is combined with H2 to form water.

2 Note that the excess air is 'a percentage of the
stoichiometric air

B. Air distribution
1. Explain how air distribution depends.on the burning

equipment and the coal rank
2. bescribe oVerfike air versus undergrate air for

stoker units
a. Note the overfi& air is usually provided by a

sepsrate forced draft in the range of 20 to 30
inches of water Colu6.

gr

22-7
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Slid. 427-22-18
This slide-in-
cludes a sample
computation with
EA.
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Refer to Student
Manual,.p. 9-17
and 9-19 for
diagram of equip- '
ment.
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b. Point out that the usual place of introduction
coincides with where the "green" coal enters
the furnace.

c. Notwthat overfire air ranges from 5-15% with
the larger figure used with higher volatility
coals.

3. Describe the cyclone furnace air distribut indi-

cating the three distinct divisions:
a. Primary air is introduced into the radial burner

with coal, 20%.
b. Secondary air is introduced tangentially at

periphery of main barrel with a 300 fps velocity
c. Up to 5% can be admitted at the center of the

radial burner
d.'illiote that the total air includes from 10 to 15%

excess air.
4. Describe the air flow for pulv4.40-fired coal

nozzles.
a. Note that primary air, which also transports the

coal, is used at a rate of about 2.1b air per
lb of coal.

b. Note that the air velocity ranges from 4,000.to
5,000 !pm with a 3,000 fpm minimum. .

c. Indicate that secondary air m* be introduced
at the burner and can be as hIgh-as 600°F in
temperature.

d. Describe ihe need to operate the igniters con-

%
tinuously because of reduced furnace temperature,
*wet coal, or when volatile matter is less than
25%.

V. Instrumentation and Operator PriCtices
. A. Plant instrumentation

1. Note that the degree of sophistication depends at
least in part on plant size and function.

2. Point out that the basic instrumentation is designed
to assure safe, economicfloperation.

3. Describe instrumentation needed to proyide measure-
ments of the following factors!
a. Air flow at various points

'b. Fuel flow
a. Stitam floe, wkere applicable
d. Gas flow's, where ppplicable
e. Flue" gas 002 or <12 content

f. Smoke opaciy meter'
g. Forced air,induced air,and furnace draft
h. Overfire air pressure

B. Operator practices
1. Describe the,use of flue gas ,CO2 or 02 meters as an

operator.aid.
a. Note that the.02 meter is very useful if the

system burns multiple fueli

22-8
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NOTES

2. Point out the importance of ash content as a i3re-
cursor of particulate emission.

3. Show that the size consist of coal supplied to
stokers can sharply influence dust loading.

4. Note the importance of not overloading a unit.
5. Show the efficiency benefit which results from

operating with minimum excess air.
6. Describe the importance.of good maintenanCe in

limiting air infiltration,

mlil tol 00

22-9

Slide 427-22-20

Slide 427-22-21

°J.

./ -



LESSON PLAN

Iaan POLLUTICW
TmeaNtNii WirreArr11

TOPIC: Solid Waste and Wood Burning

COURSE 427, Combustion Evaluation
LESSON TIME 75 min.

. PREPARED BY DATE

F. A. Iachetta Aug. 1978 .4- PRO

Lesson Number: ,3

Lesson Goal: The goal of this lesson iS to inform the student about the state-
,

of-the-art of solid waste and wood waste combustion and air pollution con-
trol.

Lesson Objectives: At the end of this lesson the student will be able to:

list The important similarities and differences in physical and chemical
properties of solid waste, wood waste, and coal;

describe the mechanical configurations, required for complete combustion
of solid waste and wood waste and compare with those for burning

coal; and

'describe the unique combuStion characteristics and emissions from burn-
ing unprepared'solid waste and,refuse-derived fuel.

Student Prerpquisite Skills: 427 ColiNe4'Lessons 6, 9, 15, 16, and 22.

It,

Undergraduate engindering or equivalentLevel of Instruction: a

Intendell,Student: Professional Backgrounds: ErTineers, technical.staff, regu-
latory officials, and others who work in combustion-related areas of a r

, pollution control.

Support Materials and Equipment:

1. Slide projector

2. Slide Set for Lesson 23.

Special Tnstructions: None

References:

V

I.

1. Combustiog Evaluation in Air Pollution Control, ChaptA 10. )

a ''
21-1
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2. Adams, T. N., "Mechanism4 of Pa ticle Entrainment and Comblistion.and
How They Affect Emissions from Wood-Was Fird'd Boilers," P.roceedings of 1976
National Waste Processing Conference, AS E, pp. 175-184 (May 1976. )

3. Shannon, L. J., Fiscus, D. E., and Gormpn, P. G., "St. Louis Refuse
Processing Plant," Publication No. EPA-650/2-75-044.

4. Shannon, L. J., Shrag, M. P., Honea, F. I., and Bendersky, D., "St.
Louis/Union tlectric Refuse Firing Demonstration Air Pollution Test Report,"
Publication No. EPA-650/2-74-073.

I.
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CONTENT OUTLINE
COWSVP: 447# CoMbustion Evaluation
Liklure 770: Solid Waste and WOod Burning

4 of 7

"NOTES

I. Introduction
i A. State the lesson objectives

B. Announathat this lesson is primarily concerned with
the combustion of municipal solid waste and wood wastes.
Munidipal incinerators (50 11/day or larger) and wood
fired boiliers will be discussed.
1. Discuss the composition cif municipal waste to

illumtrate the variety of compOnenta
atr Ultimate analysis of waste inctuding required

air computatibns
lb. Combustion characteristics of wood and municipal

solid wastes are similar because munrapil-vssto----
pontains a high percentage of paper and wood '

(approximately 45 - 50% as r ceiVed).'
c.- After,metals and glass are rsnoved from municipal

waste, the analysis on )0i moi ture-free I1asisie
yery similar to wood walte

d. ition-flow characteristic of municipal was e

usually requirla maOhanically induced
et

tumbling.,
de. Hogged fuel exhiOts ilame non-flow characteris-

tic (note sheer face eVident in Slide 427-23-4).
f. Pulp and paper plants,include waste-water clari-

fier sludge in hogged fuel. - .

2. Discuss the similarities4of the combustibility char-
cteristics of wood hogged.fvel an8 solid waste. '

a:, Proximate finalysisAmoisture-free) emphasises
the low ash, highly volatile 9haracteristics of

b. Ultimate Onalfsis indicates total carg,On contiw&

contrasts With low fired ca#oon. The implication
is that the carbon is largely'tied up in volatile\
matter hydrocarbon.

0
4

're

11

U.

0. Low ash content of wol4 andluogge4 fuels means
grates must be cooled by qir or water when not
aovered by a deep fuel bed. (Dutch oven designs
provide an exaniple'using a deep fuel bed.)

d. Fuel partiole 'pike distribution is important
because.particles with diameters of'l mm can, be.

entraided by furnace gases. Mbod denaiq is
t usually 0.1 to 0.5 gm/cc.

e. 'ReMidence time in wood and waste boiler. are in
the range of:2 to 4.5 seconds (mewed to 1 to
2 seconds in *pal-fired units). Aighie residence
time is inadequate to assure'burnout of larger.
partic4es Which are entrtined4114,'

1. Mbod and vivel waste heating valups are similar
to thoee cog municipal solid waste -oasponents.

mmniciipel IncineratoW
A. Note that OWnicitial 4cinerators have boon deeigne# pri-

warily ta blUin wastes' as a means of disposal rather thin

as energy recovery devices. This practiq# is changing

.
to:take advantage of .the'favoiapla eopnalce of energY
utilisation. \ . 23-

Slide 427,23T.1

Slide 427-23-2

1

, .

Slide 427-23T-3

Slide 427:4S-4
Blida 427-23-5 _

Refer to Student
ftnual, p. 3-23

Slide 427-23-6

Slide 427.43-4

Slide 427-23-0
Slid: 427-23-9

0
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' v

0

B. Discuss why general design considerations 6 not now
.

result in a reasonably fixed "state of the art."

1. "'resent dedign features of refractory walled inci-

nerators with no 'energy recovery provisions:,

a. Customarily with a primary and secondary comlius-

tion chamber. t

. Sloping front and rear arches to prollide radiant

energy transfer to the surfaceof the fuel ol-1

the grates.
c. High excess air (300 to 400%) to hold teaipera-

____

tures within a range tolerable for refratory

.

I

.

Slide 427-23-10

,

.

.

.

,
.

_
Slide 427-2J-11

i

Slide"427-23-12

Slide 427-23-13

.

Slide 427-23-14

. Slide 427-23-15
,

.Slide 427-23-16

4

Slide 427-23-174
4.

.

%

_

7

.

.

.

.

.

III.

.

mate-1MM- .
.

2. Describe batch-fired units whiCh have a time variable

i4urnace temperature which can fluctuate between 1,000

and 2,0000F.
3. State thai modern incinerators are designed to

recover energy.
0 a. Water-walled furnaces allow &ring with 50%

excess air.
,

- ,
b. Continuous keedof combustibles is desirable

,

. rather than batch feed.

4. Describe a variety of'firing arrangeients, each with

a particular means of agitating and tumbling wastes: ,

a. Chain-grate units adapted from)coal burning
technology but not arranged in sections which

,callise wastes o tumble. , .

, I b. ciprocatinggrateswhich permit alternate rows

o grate segments to move., (Note use of air-
.

cooled
c. Reverse re procating.grates are used to t 4e

waste back up a gentle..slope. Allaws a wi -

to-length ratio of 1:12, compailed to a 2:1 alue'
.

for mosttother'systemd.
d. Barrel grates slowly tumble waste to ,e material

../ through the futnace.

. e. Air-swept nozzles serve asospreader /okers to

'distribute fuel over a travelling o dumpntype

,.. grate, similiir nozzles are employ. in wood-

. waste and hogged-fuel-fired bone,:
General Design 4erameters for Solid Waste an4Wood Waste-

Fired Boilers !

.

/
A. Consider ene gy release rates. C

1. Giire gr te-firing energy rates app icable to mass
.

burners
.

a. 400 000 Rku/ht/ft2 for batCh. eeding

. b. 30 000 EN/hr/ft2 for cont uous (moving) feed

gr tea
.

,

,

.

1 2. Presen volmsettic energy relelse rates (about

. 20,000 Btu/ft') end residence lie of A to 4 second%

hepend wonffeed mechamism. 4

B. Describe mbustion4eir design ...rameters. ,

1. Refra tory-walled furnaces equire)200 to 400% excess

air .
,

.
.

!

,

. . 23-5
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course: 427, Combustion Evaluation'

Lecture n't*: Soll.d Waste and Wood Burning -so

_

,

s.

41,

Consifer
A.

'

B.

%

.

. i
a. Temperatures required are limited hy refractory

wall Material (usually calcium silicate brick).

v
b. Cast.iron air-cooled wall section's reduce excess

*
air requirempTirsto about 150%.

2. Note that the high volatile Natter of wood or s9lid
waste requires a high percentage of over-pre air.

3o De
t

scribe the use 4a an arch close to the grate,
elnear the end, to sure better burn-outi notice that

the drying zone requires the greatest under-fire air
pressure.,
a. Note: Drying zone with low furnace arch arrange-

ment is evident in the Navy Yard boiler shown
AA-Slide-422=23AS_ Low arch at the burp-out

.

Slide 427-23-10

.

Slide 427-23-19

.

Slide 427-23-20

Slide 427-23-21

.

.
,

. .

.

.

.

.

.

l
.

,

.

IV.

. .

,

.

end of grate is evident in the Harrisburg inci-
nerator, Slide 427-23-18. Harrisburg also uses
the reverse reciprocating grata shown earlier
in Slid4. 427-23-13.

4. Note that dutch oven furnace designs usually tequire
primary air supplies both under ane over fire, with°
additional secondary air added close to furnace
aperture.

5. Point op that fuel cell concept emploed for wood
burning ii essentially a lodification of Ulla primaty-
secondary zone concept used in solid waste incinera-
tors

6. Notathe ulla of inclined water-cooled grates to pro-
vide several improvements for fuel feed and vole-
tization: .1

a. Steepness of input region ensures flow; it assures
a relativeli, thin drying zone qn an uncooled,re-

, s.

f actory section.
,

b. Isser slope neat discharge piovides for ash
ccumulation, but also gives somewhat higher
temperature bed (thickness of ash insulates)
for better burn-out of larger material.

7. Notice air-swept spreader-stoker units closely re-
.

semble coallfired boilers. rolP .

co-firing_ prepared.solid waste_with OtAer fuels
Describe the processing necessary to remove metal, glass,
and other nap-combustibles. '

1. Dificuee the shredding opera n. .,

2. Nbte the opparation of a "1 ht" and heavy fraction.#
3. Describe various methods fq&f storage including

-prepared pellets or brique tes.
.

.

Discuss methods of firing
1. Describe ouspenkion burning with coal or oil. (Note

. .
energy input range of 10 to 20% of total)

2. Describe vie of.briquette-form waste fired wit)) coal

'in underfeed stokers.
3. 'Note the 'problems associated with firing pelletiired

waste with coal.on chain- or traveiring-grate tokers.
4. Diseueo co-firiqg oysters where air-swept preaders

fire waste as the main fuel$ gas or oil may be timed
asa secondary

.i 23-0 _ II.
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Outline tpe problems which arise from co-firing waste
with coal in units driginplly'designed only for cola.
1. Note the Ocreased preciiiitator efficiency. ,

2. Discuss the increase in total stack gas flow; this
isia probable cause for reduced ESP performanCe.

3. Nal) the detrimental corrosive effect of hilgh
moiiture stack gases, c'aused.by MO-moisture con-
tent of waste.

4. Note that alterations of stack gas,
higher moisture) can be an adverse
performance.

5. Point out that the red ed marke

Jim response to
influence on'ESP

tradh remaining in it.

L

23-7
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LESSON PLAN11;,
AM_ POLLUTION

YAWdSNS INOTITUTO

TOPIC: Problem Session VI:
Combustion System
Calculations

ke

COURSE, 427, Combustion Evaluation
LESSON TIME: 60 min.
,PREOAREO DATE_

J. T. Beard
4

Nov. 1978
4 +1:1/. PROIa,

4

Lesson Number: 24

/11

, .

Lesson Goal: The goal of thiii; lesson idoto provide the coMputational metho-
,_

dology used in evaluating selected combUstion system probleMs.
-4.

Lesson Objectives': At tne end of this lesson the stUdent will bp able to:

computebtheirate of energydelivered to a boiler, superheater, .or econo-
mizert

'compute the fuel requirements for a given combustion,syStem;

compute the savings.resulting from reduced flue gas lossed which occur
jwhen a combustion unit-is Modified to provide a reduction in the amount

0*of exceS's sir..

Student Prerequisite Skills: Course 427, Lessons 6 through 23.

4 4

-LdVel of Instruction: Undergraduate engineering or equiV-alent.

Intended Studelit Professiofial Backgrounds: Engineers, technical staff, regu-
latory officials, and others who work in combustion-related areaS of air
pollution control.

e .

Support Materials and EquIpmeni:

06
1. Wbrkbook for. CodbuStion Evaluation in Air Pollution Control, Chapter VI.

2
2. Chalkboard

4

3. Hand-heio calculator:0r slide 'rule

4
.

Special Instruct*onst Assis he stUdentswho have,difficulty in working
Problem V1.1-on their ow. Assign Proble!n V.2 /for homeNotk.

References: CoMbuitibn Evaluation in 'Air Pollution Contrfil

I

2471
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NOTES

I. Introduction
4. State the goals and objectives of this lesson
B: Goals are to be achieved by:

1. Students working problems independently
a. In class
b. Homework assignment

2. "Discuaton of solutions of problems
II. k)sthodology '.

A. Assign,Problem VI.1: Fuel Requirements for Combustion
Installation, tope done by the individual"students ,

during the class period.
B. Assign Problem VI.2: Combustion Improvement, to be

started during the class peiiod and to be completed as

a homework assignment.
-4aadiet-Lit4ty.i.duitl5 by_answering_queetions regarding

solution techniques.
D. Answers to Problem VIA may be confirmed during the

class period; and answers to Problem VI.2 are to be

confirmed in the Homeibork Review period.

11,

.

24-2

2 0
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,
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4

4

1

4

V

CCHAFTER VI

COMBUSTION SYSTEM CALCULATIUS
4

PROBLEM VI.1: Pu 1 Requirements for Combustion Installation

A steam generatorls rafed at 400,000 lbs bf steam.pe hour. Steam (99%
dry) leaves the boiler at 1,500 psia pressure and ent rs a superheater.
Steam leaves'the superheater at 1,400 psia pressure and temegrature
of 1,000°F. The feedwater for this unit niers the economi r at mor,
anl leaves at 4000F. The overall thermal efficiency of the team genera-
tor is 74%t The anergy and water losses alsociated with blowdown may be
neglected. -,.s.

.

..

,/$
,

Computet

1. The rate of energy delivered to .the:

1(
(a) economiser,

Cb) boiler,

(c) 'superheater, and

(d) tho total delivered

I.

4

A

2: The fuel energy required Btu/hr
,- a

3. Ths fraction of the fuel ener* which is absorbed 'in the
,

CRY eckomisert

t

(b) boiler, and.,

.(d) %Superheater.



400,000 Economizer
lbs/hr

'tim 300 F E t2-400?.

SCHEMATIC DIAGRAM FOR PROBLEM VI.1

269.7 B/lb

146
1 7 )11'

L 7%

it. m

J

= 375.1
B/lb

Boi.ler
pl= 1,500
4 psis

3=596.4F
. 99-

Super-L.
Heater

611.5 + 0.99(557.2)

= 1,163.1 B/lb

4

pA= 1,400
psis

t
4

1 000 F



%caution to Problem V1.1:

From the steam tables one may determine the enthalpy values of the feedL
water and steam:

Economizer inlet: ti 3000F, 'hi 269.7 Btu/14

Economizer exit: t2 = 400°F, h
2

= 375.1 Btu/lb

Boiler exit: p3 = 1,500 psia .113 = 611.5 + X (557.2)

t3 -= 596.399F

X- .99

= -611.5 + -.99.-(557.2)

= 1163.1 Vtu/lb ,

Superheater exit: p4 = 1,400 psi!: h4 = 1493.5 Btu/lb

) t4 =- 1,0000F.

1. Comput the energy delivered to.each 9ectIon2uaing-lguation 4.13
on p. 4-10 of the-Student Manual.

a. Economizer:

S2az m (h2 hi)

.

l Btu
= 400,d

b steam
-150 ( 375.1 269.7 ,

x 106 Bt

b. ,pciler:

Qms MI0h3 h2)

1b steam
= 400,000 77E--- (1,163.1 - 375.1'

:11R7 315 x 106 BtU/hr

. SuPerheater:

Q' ma' (h4 - h3)
IS

m 400,000 Lb stem ( 1,493. i -7 1 163.1

132 x Btu/hr

?4 2,0

Btu
lb

Btu
7.5T7



44.

th

d. Total:

( 42 x 106 ) + ( 315 x 106 ) + ( 132 x )06) Btu/hr

489-x 106 Btu/hr c

2. The fuel onfrgy input required May be determined using Equation
4.9 on p. 4-8 of the Student Manual:

Q.Q ( 489 lc 10E) Otuihr

661 X 106

( .74 )

Btu/hr

3. The fraction'of the fuel energy whick jz absorba:

a. Economizer:

.128E ( 42 x 106.)

t 661. x 106 )

b. Boiler:
;

C

\

(315. x 106 )

,(661 x- 106 )

Superheater: .

(

,.(132 x 106 ),

41i (661 x 100 )

.063

.477

.20

6.3

4

47.7

.

in 20.0'



PROBLEM VI.2: Combustion Improvement
4

a

Combustion modification of a befiler resulted in changing the excess air
as may be determined from the following Orsat analyses of the'flue 4as:

r Gas

CO
. 2

02

CO

Before Modification After Modification

10.1%

0

The fuel fired was lignite coal which has the following analysis:
0.22% S, 6.39% Hi, 37.37% C, 0.01% N2, and 44.99% 02. The heating value
is 6,010 Btu/lb and the proximate analysis 36.93% moisture, 24.92%
volatile matter, 27.72% fixed carbon, and 19,43% ash.

15.0%

3.1

The unit operates 7,700 hr per year with an average load of 5.3 tons of
coal per hour with a fuel cost of 750 per 106 Btu. Assume_that-before
and after the modification, flue gas temperature was 355°F, the refuse
was'0.1062 lb per lb of coal: and the average combustion air was at
75oF.

.Compute:

1. The eXcess air

(a) before the modification,

(lb) After the modification.

I.

2. The theoretical air required to burn a pound of the specified
coal.

3. -)The theoretical flue gas produced from firing a pound of coal.

4. The acitibil fltie gas produced per pound of coa1

(a) before the modification,

(b) after the modification.
-

Thechange in flue gas energy loss per pound of coal.t
flue gas 1osSeS,-

,

6. The vilu Of tlie annual savingl from, reduced
'which occur because of the modification

24-7
20G.



Solution to Problem VI.2:

1. Compute'excess air knowing that:.

N2 = 100% - CO2i - 02% - CO%P.
ae

a. Before modification:

( -8.3 .}.-- ( 0.1 ) 83.4S

DeWmine %EA from Equation (1), p. 5-23of the Student Manual:

V, 4
.. o

I
4 ( 022 ) ' (4 5.- (C0p)

EA =

4 o

0.264)42 - (02p - 0.5 C0p)
.-.\,

( 8.3 ) 0.5 ( 0.1
x

)
.

. 100%
0.264 ( 81.5 ) - ( 8:3 -.- 0.5 ( 0.1

=

b. .After

62.2 %

I.

modification:

4 I
N
2

= 100% - ( 15.0 ) ( 1.1 ) -'( 0.0. )

812a . %

( 3.1 - . 0.5 ( 0 )

EA 'm 100%
0.264( 81.9 ) -,( 3.1 - 0.5 ( 0 ))

o.

ma 16.7
even..

Th. thilioraticil air required is found from Equation 4.1 on p. 4-4

of the Stustnt Manual

02
11. 53 C. + 34.34 (R2

34,341(.0639 -

lb air/lb coal

4.29 S

(v1,.a)

-; -2470



I.
. .

3. The theoretic/i.flue gas per potind of coal fired may be obtained
, . from Equation 4.2 on p. 4-5 of the Student Manual, with mf .. 4:

11,

)
'G (mf noncombustible) m A

-f -tI.
1 ( .1043) + 1 (4.58 )

. .

5.48 lb .gas/ lb cl

-modification-the-acival -flue\gas per pound ol coal
--was

.Gf. sm At
1

1

.!..A (At) +

. 622 ) x ( 4.58 ( 5.48 )

. 8.31
06. lb gas/ lb opal fired

- ....

,

. .

. 4b. After.the modifitation th,e actual flue gas:Was:
' .

.-

( 167 ) x X:4448-Yt + ( 5.L )

% 4
1

m .

4

= 6.24 1117/ Lb coal ;Ned
.1

5. AS it was stated':that the'average anibiont and flue gas tempera-
- turea. did.not Change aftert.the modificationt,.the differende

in fluelas energy loss may.bo totermined Using Equation 4.12.
on-p. 4.-8.ofthe'Studint Malulll

(

Li

(I3f before after
Ci Mfg

( 8.334 6.24 ) x (0.25 Btu x (- 355 - 75
1b1.3F

4

Dtu/lb.coal fired

24-9
:
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1..

4

6. Theevalue of ''the annual savings .resulting from reduced flue
gas losses will be:.

Annual coat x AQf
sav Ialgs Btu lb coal

$.75 1 Btu
x ( 5.3 x 200D) lb crl

106 Btu x ( 146 )' lb coal

"lb coal
hr x time hr

year

..1x ( 7 , 7 00 )
1r
year

$ 894 0

G.

1

'

per year

(VI-8)

24-10
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TIMM: Controlled-Air Thcinerators

COURSE: 427, Combustion Evaldation

LESSON TIME: 60 min. ,

PREPARED Etr . .: DAtE

J. T. Beard Aug. 1978

Lesson Number: . 25 V
Sr

Doesson Goal: _,The goal of thi§ lesson is,to proyide t1e stObnt with informs-
.

tion,about con roll d'air incineration equipment and the influence of
4

-opegakipg par ter on air pollution emissions.

Lesson Objedbivese: 4. e end of this lesson the Atudent will be able to:

describethe combuat on principles,and pollution emission characteristics
of controlled-airjhcinerators cdhtrasted with those of single atc1
multipleamber destgns:

identify operating f aturep which May cause sMoke emissionsfrom
controlled-air incin ratorsCein4

6 ' .

relate the temperat re/of gasto leaving the afterhprner to the amount
of auxiliary fuel n eded by the afterburner.4' '

- N
y

. .

44 ...

St:it:lent Prprequisite Sk lls: Course 4t7, Lesson Ndiiper,23

Level of.Iristruetion: Undervaduate engineering or-equivalent!
, ,/

Intended $tudent-Profe sional.Sackgrounds: Engineers, technical staff, tegu-
,. lesttory sfficials, and others who work in* coidbastion-related areas of air

_pollution control, '

SuPport Materials and Dquipment:

1. Slide-pr;iector.,

2. $lide iet for Lesson 25:

Special Instructions: None

':-Peferences:

.

..

-

1. Cobustion Evaluation itiir Pollution Control, Chapter 11:
t

..

4.

q 5.



\?. gpffman, Ross, "Evaluation of Small Modular Incinerators in Munici-

pal Plants, ." Final Repbrt of Contract No. 68-01-3171, Office

of.Solid Waste Management, USEPA (1976).
.

3. "Interim Guide of Good ooractIce for Incineration at Federal Facilities,"

-ff AP-46,,National Air Pollution Control Administraiion, Plibiic

i Health Service, Raleigh, N.C. (November,1969).
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.SLIDEIN4TBER

427-25-1

427-25-2

TITLE OF SLIDE

\427-25-3

«

427-25-4

427!-25-5

427-25-6

427-25-7

427-25-8

427-25-9

427725-10

427-25-11

427-25-12

427-25-13

427-25-14

427-25-15

427-,25.-16

427-25-17
/

427-25-18

427-25-,19

!427.725-p

.417-25721

427-25722

42t-25-23-

427

ItESSON 25: CONTROLLED AIR INCINERATOR

AVERAGE EMISSION FACTORS FOR REFUSE CPMBUSTION

FLUE FED SINGLE CHAMBER INCINERATOR

APARTMENT HOUSE INCINERATOR WITH SEPARATE STORAGE BIN

MULTIPLD-CHAMBER RETORT INCINERATOR

MULTIPLE-CHAMBER 411-- LINE INC-INERATOR

MULTIPLE-CHAMBER IN-LINE INCINERATOR

CONTROLLED AIR INCINERATOR

CONTROLLED PROPORTIONATE-AIR DISTRIBUTION

AIR DELIVERY BLOWER

PRIMA? dHAMBER PRODUCES VOLATILE GASES
-

SECONDARY CHAMBER

TEMPERATURE CONTROLLER.

RELATIVE SIZE OF PRIMARY AND SECONDARY CHAMBERS

FACTORY MANIAPACTURED

MODULAR UNIT,AT MUNICIPAL FACILITY

CHARGING OF AUT1MATIC'FEED HOPPER

ASH REMOVAL DOORS

AUXILIARY. FUEL BURNER

MULTIPLE AUXILIARY-HUME", FOR P
GICAL HASTE INCINERATOR.'

COM:1TV WASTE CHARGE

.CHAMBER OF PAM-10LO-*

CHARGING WITH-OFENDIDIM2;

. 1-

MODOY'CONTROLLER TEMPERATURE SETTING
-1. ,

bANAGED. REFRA IN AND .UNDOFIRE AIR -PIPE,
:

\ I : I.

N

25-3 .

(



SLIDE NUMBER

427-25-25

427-25-26

46.

TITLE OF S.LIDE

INCINERATOR WITH STEAM GENERATION

INCINERATOR WITH CONTINUOUS FEED AND ASH REMOVAL

4

141.

,

4

441

r

I.

1014

.14,141: 1,..k. :IA!, , Ye.... vas

r 25-4
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Ave _I_ of 7

NOTES

4
A. State the lesson objectives --'

A. Describe briefly single-chamber incinerator design Slide 427-25-1

features and emissions
11,

' 1. Smoke, OD, EC, particulates
2. Single-chamber incinerators, banned 1957 in Los Slide 427-21r2

Angeles
---"'""3".T'lltirofertt-trtotnerator design modifications required

because of.
a. Poor ability to control residence 'time (gas

velocities vazgled with burning rate and
natural draft)

b. Poo turbulence,
c. Low combustion temperatures due to high excess

air
d. Flue-fed featur4s causing poor control of

burning
e. Overloading incinerators by unskilled ,personnel

C. Describe design imptovements and emissions of multiple-

. chamber incinerators
1. Give examples of the eftassions of multiple-chamber Slide 427-25-3

incinerators
216 Design features

a. Gas-speed and directional changes td aid tur-

,
,budence (c6nsider both in-line .and retort
designs)

b. Secondary air and auxiliary fuel burners tOmi Slide'427-25-4

improve combustion in the second chamber.
(however, many units had secondary air tempera-
ture from only 65b,to 90°F

c. Larger .sizes and damper oontrols to 'provide Slide 427-25-5

longer residence time (however air contibi was
still too erratic)

. Summarize Los Angeles design Standards of 1960 Slide 427-25-6

1. Control on geometry, loading rate, auxiliary. fueN,

\ 2. Calculation propedure
a. Required temperature
b. Maximum velocities

E. Provide background information .about federal incinerator
performance standards (1969)
1. Contrast,performance standards with design standards

2. State the allowable emissions
3. Describe scrubber requirements .

F. Discuss the greater'control of incinerators required
with some State poplementation Plane

II. Controlled air incinerator characteristics

A. Discuss distinguishing features and give example values

1. Torced draft&
2. Lass than stoichiometric air in primary chamber

3. Volatilisation with partial oxidation in primary

chaleber

25-5

Slide 427-25-7

Slide 427-25-0
Slide 427-25-.9

'Slide 427-2514
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NOTES

a. Auxiliary burner ssure minimum temperature

b. Law imary air ra es, water sprays, con-

. tinu charging imit maximum temperature.

C. Air distomtbutea below the charge on the hearth

rather than through the grate

d. Fuel-bed agitation only during charging,

rather thaP continuous_as with modernmunicipal

incinerators
4. Oxidation completed in secondary chaMber, afterburner

b. mperatur- e controlled by mixiliary burner

Se
sidence tine i

B. Give ex es of various designs
i .41

. 1. Geometry and relative size ./'

- .

.

2. Starved air or controlled-air vs. multiple chamber feal

C. Explain why particulate loading is lower, than.for

multiple-chamber units .

1. Lower Velocities in primary theMber (less entrain-

ment)

2. Better control of combustion
More uniform volatilization rate

b. More uniform velociiies

c. Control of residence tide

d. Higher combustion temperatures

III. Other design features
A. Cite examples of advantages for factory production

1. Design standardized for Alven model number

2. Modular features
a. Size pelow that of new source performance

standards (400 to 3,000 lb/hr)

b. Multiple units for larger load requiiements

c. Reliability of rerformance

B. Describe 121aiCh operation cycle and give example times

1. rull burning rate operation, 7 to 9 hrs.

'a. Intermittent cbarging, 8 to 10 min.

2. Burn down requiring afterburners, 3 hrs.

3. Overnight cooling

4. Ash remOval
a. Give example of typical was te weight and

volume reducti n

5. Preheating of refra tory

6. Operation at full bur ing rate

C. Describe auxiliari fuel co umption

1. Xncreases with moisture content bfjefuse

2. PatholOgical waste burning requirements

, a. Multiple auxiliary burners in primary sone

b. Continuous afterburner operation
Particulate oesmoke control
A. Give examples of emission performance

1. 0.03 to Met grains/sof at 12% CO2
2. Varies with operation and design

25-6 1'7

Slide 427-25-11
Slide 427-25-12

Slide 427-25-13
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Slide 427-25-14
A

Slide 427-25-15

Slide.427725-16

Slide 427-25-17

Slide 427-25-18
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-CONTENT OUTLINEs.zwr: 427, Combustion Evaluation (21U)
'Lecture Title: Controlled-Air Incinerators 44,4w0.

Page _1_ of 7

NOTES

C.3

B. State the causes of high emissions
1. Overloading unit (high air velodity in primary )

chamber)/
2. Reducing auxiliaky fuel at afterburner (to cut

fuel costs) x

3. Batch charging through)pen docir which disturbs

air velocity control
4. Batch charging disturbs fuel bed
5. Charge consisting of compressed or packaged

materials, rather than loose materials
6. Variable moisture in-chprgm-----

C. Describe the methods for reducing emissions
1. Modify charging technique
2. Install ram charging device and double-door inter-

lock features to avoid extra air inflow during
charging

3. Do not overcharge a

4. Modify automatic controller temperature setting
for additional auxiliary fUtl :

5. Proper maintenance of burners, refractory walls,

6. May be abus if

and unaerf re air Jr." 4 'IN rt

ElidkisisiV"incinerator
. with eXtra imary 'air blowers provided to increase

energy release:
a. Will cut afterburner fuel costs,but
b. Will increase smoke and partidulates, and
c. Will increase maintenance costs soMewhat

Othek important features
A. Describe possible system economic advantages by providing

a waste heat boiler
1. Will substantially improve economics if

a. Waste stream is guaranteed
b. Pukchaser available for total steam produced

B. Large units may provide continuous feed and continuous
ash removal features
1. Reduces 'thermal shock to refractory
2. Increases daily loading by prdvidivg 24-hour burn

period rather than 8- to 10-hour charge period
May require scrubber or other flue'gas control
to meet new source performance standards for muni-
cipal incinerators (.08 grains/scf at 12% CO2)

,

25-7
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Slide 427-25---20
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Slide 427-25-22
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LESSON PL AN

;
!Rao!ii.

TOM: Combustion of Hazardous
Wastes

COURSE: 427, Combustion Evaluation
.LESSON TIME: 6o mtn.
PREPARED BY : DATE .

L. U. alleleht Oct. 1978

ecE..0 .S

/77. Arilk "rt2ra
0

;IC

4%
"L PROlf-C)

Lesson Number: 26

Lesson Goals: To provide the student with an understanding of the special

requirements for the destruction of hazardous waste by combustion.

Lesson Objectives: At the end of this lesson, th

cite specxml requirements associated with the
liquid and solid wastes;

e student mill be able to:

combuStion of hazarcrus

recite the special requirements for treating the combustion

control pollutant emissions from incineratIon operations;

list exampleS of sUbstanCes and/or elements which cannot be controlled

by incineration;

products to

-
describe the fUel requirements nenessary to dispose hazardous waste'

materials; and-

list a number of hazardous waste materials (including polychlorinated

biphenyls PCB'S Pesticides,:and some other halogenated organics)

Which-jlay-be.dispoled of successfully through proper liquid incineration

devi6es; give.the required terperatures and reeidence time to achieve

adequate destruction
4a.

Student Prerequisite Skills: Course 427, Lessons 5, 17;'20, 23, 24.

'Level of Instruction: -bndergraduate engineering or egu4valent

Intended Stuient ProfeSsiopal Backgrounds: Engineers, technical.staff, regu-

latory officials, andkithets who work in combustion-related areas'of air

'pollution control..

"
Supfbrt Materials and Equipment:

Blide:préjector

2. Slide_set for'Lesson 26.

z
t.



ih.

Special Instfuctions: ione 5

4
References:

1. Combustion Evaluation in Air Pollution Control, Chapters 10, 11,-13, 15.

2. Scurlock, A. C., et al., "Incineration in Hazardous Waste Management,"
SW-141, USEPA (1975).

3. "Summation of-Conditions and Investigations for the Cbmplete combus-
tion of Organic Pesticides," Repor,No. EPA-600/2-75-044 (October 1975).

.1'

I.

(

' .



SLIDE NUMBER TITLSOF SLIDE

427-26-1
A

427-26-2

427-26-3

427-26-4

427-26-5

It

V--

LESgON 26: COMBUSTION OF HAZARDOUS WASTE

COMPARISON OF THERMAL DESTRUCTION OF PESTICIDES.AND
PCB's

'THERMAL DESTRUCTDON ZONES FOR VARIOUS PESTICIDES

SUBMERGEDCOMBUSTION INCINERATOR

KEPONE INCINERATION TEST SYSTEM

ROTARY KILN INCINERATOR

FLUIDIZEDBED INCINERATOR SCHEMATIC
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CONTENT OUTLINE
04,10

)
Lecture Title: Combus tion of Hazardous Waste Nmleic'
Course: 427, Combustion Evaluation

Page 4 of_ 5

NOTES

I. Introduction
A. State the goals and objectives of this lesson.
B. Show the need for disposal of hazardous wastes.
C. Examine the advantages of disposal by incineration:

1. Combustion technology developed
2. Applicability to most organict
3. Heating'value may be recoveraile
4. Ability to handle large volumes
5. -Large land area not required

D. Consider possible disadvantages
1. Costly and complicated equipment
2. Auxiliary energy often needed
3. Combustion products may be polluting
4. Solid residues may be toxic

II. General Incineration Criteria
A. Stress similarities to other incineration methods, but

that it must be more stringently controlled
1. There tre no generalry atoneable fules at present
2. Limited knowledge of desfin details

B. Point oUt that forstoxic materials:
1. Higher destruction efficiency required

a. 99.99% typically for pesticides
, 2. Much higher temperature and reside ce times required

a. Destruction starts at similar temperatures as
that for hydrocarbons

b. High degree of combust

eh
stringent operating

C. Show the need to scrub (o reat) combustion product
gases. A

D. Explain that organic products with dangerous heavy metals
should not be incinerated.

III. Equipment types being used
A. Present examples of equipment

1. Rotary kilns
2. Multiple-hearth incinerators
3. Liquid-injection ineinerators
4. Fluidized bedS

' 5. Molten-salt devices
6. Wet oxidation

.7. Multiple-chamberApcinerators
8. Gas combustors
9. Pyrolysis units

. Halogenated,and Sulfonated Materials
A. Note that.these materials should not be flared
B. 'Discuss hydrogen.chloride (and other halide) emissions

1. When H to Cl ratio is greater than 5 to 1
2. Scrub with caustic
ConsiOer the products of chlorinated hydrocarbon
1. With H to Cl ratio less than 5 to 1
2. Hard to remove
3. Add natural gas.,or steam to produce HC1 instead

D. Examine plastic waste-handling practices

n comppatiWrequires
ditidnstv

26-4

Slide 427-26-2 or
refer to Student .

Manual, p: 15-12.

Slide 427-26-1 or
. refer to Student
Mahlua , p. 15-12.

i.



CONTENT 'OUTLINE (tivolz)
coihrse! 427, Combustion Evaluation%.

Leclure Tine: Combustion of Hazardous Wastes 114tPm30:'

^, A Page 5of 5

NOTES

E. Evaluate control of pollutant emissions in the effluent

gas
1. Scr ing of effluent
2. S rged combustion incinerator

V. 'Pesticides and Toxic Wastes
A. Discuss detoxification by incineration

1. If toxicity is due to molecular structure rather than
eleMental composition

2. More stringent temperature and residence-time require-
1 ments
B. Be on the SPokout for toxic product gases

1. Cyanide from organonitrogen pesticides
2. Others

C. Consider more complex equipment
1. Careful siting considerations because there will

inevitably be emissions of small quantities of pes-
ticides or toXic products

Polychlorinated Biphenyls CMS's) alA. Reminci students PCB's are extremely st e persistent

B. Note PCB incineration reqUires more drastic conditions

than most pesticides
Propellants, Explosi'ves, and Pyrotechnics (PEP)
A. State that incineration, me:Ws Appfible disposal

T rrqt
method

B. Recommend dilution with inerts before feedift them to

^

the incinerator ,

C. Eyaluate equipment used:
1. Rotary kilns and furnaces
2. Fluidized beds

D. Emphasize the need to Control emissions
1. Very little,is known about the type and quantities

of emissions
2. Little has been done to control emissions in the

past

4Ir

26-.5

Slide 427-26-3 or
refer to Student
Manual, p. 15-11.

Slide.427-26-2

Slide 427-26-4 or
refer to Student
Manual, p.

0.

Slide 427-26-5 or,
refer to Student
Manual, p.
Slide 427-26-6 or:
refer bo Student
Manual! p. 15-14,



LESSON PLA

MPS POLLUTION
TIMAININO llosimrraIi.

'N.

TOPIC: NOX Control Theory

, V
COURSEi 427,1Combustion Evaluation
LESSON TIME: 60 min.
PREPARED BY: DATE'

J. T. Beard Aug. 1978

Immelh

Lesson Number: 27,

Lesson Goal: The goal of this lesson is to provide the student with information

about the various mechanisms of formation and control of NOx and.to provide

examples of the'amounts of NOx control available.

'Lesson Objectives: . At the end of this lesson the studentfWill be able to:

identify three of the major stationary sources of NOx emissions;

locate and use emission factors to estimate the amount of NOx emitted

from a potential dombustion source;

k.

describe the difference betWeen mechanisms for forMing ."Thermel NOx"

and "Fuel NOx"; -

\describe the Various techniques for NOx control: flue-gas reoirculation,

two-stage combustion, excess air control, catalytic dissociation, wet-

scrubbing, water injection? and reduced fuel burning rate; .and

recall the\amount,ofNOx control available ftom particular combustion

modification examples.

Student Prerequisite Skills: Course 427, Lessons 5, 6, 17, 18, and 22

Level of Instruction; Undergraduate engineering or equivalent'

'Engineers, technical staff, regu-
in coMbustion-related areas of air

Intended Student Professiovhi Backgroundii
latory officialS, And others who work

liollution control.

Support,Materials and Equipment:

1. Slide projector

2. Slide set for Lesson 27

Special InstruCtionsi



References:

1. Combustion Evaluation in Air Pollution Control, Chapter 16.

2. Strauss, Werner, Air Pollution Control,'Part I, Wiley Interscience,
New York (1971),

3. Wark, K., and Werner, C. F., Air Pollution, Its Origin and Control,
Harper and Row, Ptiblishers, New York (1976).

4. ':Ccintrol Ilechniques for NitrogensOxide Emissions froM Stationary
.Sources," Second Edition, EPA-450/1-78-001, U. S. Environmental ProtectiOn

4.976.4. -

5. "Reference Guideline forIndustrial Boiler Manufacturers to Control
Pollution with Combustion MOdification," EPA-600/8-77-003b, Industrial Environ-
mental Research Laboratory, U. S. Environmental Protection Agency (Jan. 1977).
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SLIDE NUMBER

.427-27-1

427-27-2

427-27-3

-427-27,4 EXAMPLEOF'EXPERIMENTKL SMArCHAMBER DATA

C.

TITLE OF SLIDE

LESSON 27: NOx CONTROL THEORY

,

Y OF 1974 EMISSIONS

ANNUAL NATIONWIDE.NO
x

EMIS'SION PROJEoTIONS TO 2000

EXAMPLE OF TRANSIENT SMOG CONDITIONS IN'LOS ANGELES, CA

427-27-5

427-27-6

.-\427-27-7

27-27-8

-27-9

\' 427-27-10
'

427-27,-11

;

:427-27-12

427-27-13

427-27-14.

427-27-15

427-7.27-16 .

427-27-17

4V-27-18 C.

427-27749
:

GENERALIZED PHOTOCHEMICAL REACTIONS

GENERALIZED PHOTOCHEMICAL REACTIONS (CONTINUED)

THERMAL NO
X

FORMATION: CLASSICAL CHEMICAL MODEL

THERMAL NO
X

FORMASION: SIMPLIFIED MODEL

THEORETICAL CURVES FOR NO CONCINTRATION VS. TEMPERATURE

EFFECT OF LOW EXCESS AIR,,OIL FUEL

TWO7STAGE COMBUSTION

TW-it*TAGE COMBUSTION; pIL.Fusi,

EFFECT OF BURNER

ILUCTION BY

EFFECT OF.FGR ON NO EMISSIONS

EFFECTS 'OF
x

CONTROL METHODS

STOICHIOMETRY ON dbAL COMBUSTION

FLUE GAS RECIRCULATION

RANGE OF--UNCONTROLLED UTILITY BOILER N1x.EMISSIONS

OFECT OF FIRING METHOD,'OIL FUEL

NO EMISBXONS WITH.WATER INJECTION FOR NATURAL GAS:-.FIRED
X

pAs TURBINE.,
. .

EFFECT- ,OF TEMPERATURE ON NO REDUCTWN WITH AMMONIA INJECTION



CAVAN: 427, CoMbustion

LecAvre TAW vox Control Theory

fityge 4 of 7

k NOTES

I. Introduction th NOx \ ,

A. State the lesson objectives
B. Present the sources of Rex

1. Natural (Vblcanoes, forest fires)

2. Vehicular
3. Stationary

a. Utility boilers for electric power generation Slide 427-27-1
, .

b. Internal combustion engine., diesel and spark
ignition engines, gas turbines, for petroleum,
electric power, agricultural, and general
industrial applications 122%)

c. Industrial boilers for heating and electrical
generation (18t)

d. Ccimercial and residential space heating (9%)
C. Describe NOx emission factors

1. Average values dependent upon
a. Puel
b. Eguipmenadlesign

D. Discuss concerns About Islox emissions

1. Potential growth
2. Regulations

a. New Source Performance Standard!
b. State and local standards

3. Relationship in smog formation
Introduction tq the Formation pf NO
A. Smplain the formetion'oll nitrogeN oldies

1. Primarily formed as NOp
a. Defihe "Therial.Nle
:b. Define "Fuel MO*"

2. Oxidation of MO to 1102 in air
3. Other oxides of nitrogen (1120, nitrous mid

11203, nitrogen trioxide, end N205, nitrogen
oxide)

M. Bxplain "Thermal MN" formation.
1. Classical cheeical model for NO formation

a. Nigh temperature dissociation of 02

02 =ft 20

b, Nitregen reactions

0+ M2 WOO + N

02 OrNO + 0

"1,14i418

112 + 02 lb 2NO

KIR

r

4.

pent-

k

41k

See Studint Manual,
Chapter 16,
Attechment 16-6

Slide 427-27-2

Slide 427-27-3
Olide 427-27-4
-ilide.427;473
Olid0.427476

Slide 427-27-7'

elide 427-27-8

rw
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I 111Ii. CONTENT OUTLINE
Cithffsit: 427, Combustion aluation

Leawre 7710/e: NOx Control Wory

Five L.. of 7

NOTES

2. Model for rate of production of NO

d(10) KF (N2) (02) - KR (NO)2
dt

a. Define symbols
b. Present temperature influences
o. Describe transient features of combustion
d. Describe and give example of equilibrium NO

concentrations
e. Explain how real combustion varies from equi-

librium .

Explain the concepts of dissociation and cool
/ dawn "freezing" of NO

C. Explain "Fuel NOx" formation
1. Describe and give examples of chemically combined

nitrogen in fuel
a. Coal (e.g.., 0.5 to 2.0%)
b. Fuel oil (e.g., Q.1 to 0.5% for No. 6 and around

0.01% for No. 2)
c. Natural las contains nitrogen in uncombined form

2. Present factas influencing "Fuel NOx"
a. 10 to 60% fuel nitrogen becomes NO
b. Depends on -oxygen avAilable
c. Fuel-rich 4ombu5tion, nitkogen becomes N2
d. Lean combuetion, fuel nitrogen becomes N9
e. More NO with high-fuel volatility
f.,r-More NO wih intensive fuel/air mixing

III. NOx Control Theory
A. Present examples ot control by fuel change

:1. Change fruit high nitrOgen No. 6 fuel oil to No. 2
2. Specify low-nitrogen-content No. 6 fuel oil

a. Nitrogen content influenced by refining processes,
blending, and crude stock.

3. Change from coal to oil ,or from oil to gas
a. Limited by furnace adaptability, fuel availability,

And coets.
b. More coal rather than less as boiler fuel

expected in the future
p. zntmluce excess air reductton for NOx control IL
1' 1. Effective for "Thermal NO)i"

a. Less, oxygen available liiits oxidation of mole-
cular nitrogen

2._ Effective fdr "Fuel NOx"
a. Less'oxygen available causes.tendency for fuel

nitrogen to form .N2 .

3. 41-fired unit esample-,,
a. Mow larger units operate with 2 to 5% exOess-

, air/4.4 to 1% excess 02)
,be 1.1;rArious Wades were 10 to 20% excess air (2'to

.4% excess 02).'04

c. Reduced excels air limits convereion of S02 to
1103 (and the related dew point/corrositn problems) ,

Slide 427-27-9

Slide .-27710
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II I IIMI CONTENT OUTLINE
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-Course: I 427, C ustion Evaluation

Lecture TAW: NO Control TheoryI

lele09r4) page_____L_ of

tc,,

7

NOTES

d. Low excess air operation, more difficult than in

C. Give example of two-stage combustion for NOx control

1: Initial combustion, fuel-rich
2. Energy extraction VI, heat exchange surfaces

3. Secondary air provides for full oxidation with over-

all excess air
4. May be accomplished. by

a. Overfire air ports
'b. .Burner-out- f-service
*c. Burner red ign to reduce swirl (ttlrbulence/hot

spots)
D. Give examples of reduced combustion temperature for

NOx control
1. Limits the value of Kr, fowward reaction coefficient

(which essentially doubles;for every 70°F increase

after 3,000°F)
2. Flue-gas recirculation

a. Rate of reaction reduced by introducing inert

flue gases (CO2, N2,,B20) into,combustion ne

b. Reduced fuel rate imPlies reduced load

c. Inert gases act as heat sink, lower temperature

d. Thermal efficiency reddced uriless ad4quate heaq

exchange available
Give examples of influence of,equipment design on NOx

emissions
1: Design influences

a. Fuel/air miiing ; NI
b. Proximity of flames to heat exchange surface

c. Operation of burner influenced by adjacent

burners
2. Give wimples

a. Cyclone furnaces, largelt uncontrolled NOx

emissions
lb. Front wall (horizontal) and opposed wall furnaces,

somewhat less than from-cyclone
c. Tangential-fired furnaces considerably less

emissions
F. Give example of influence of 9°1 blowing frequency on

NOx emissions
_1. Cleaner heat exchange surfaces

a. Higher heat tran fer rate (less insulation by

deposits)

b. Lower combustio temperatures (due to more rapid

energy extraction)

G tescribe water injection into gas turbine for NOx conttol

Acts as heat sink
. Reduces "Thermal NOx"

3. Effective With water-to-fuel-mass ratios pp, to 1-2,

H. Describe flue gas treatment for NOx pontrol

r
27 -6

Slide 427-27-12

Slide 427-27-13

Slide 427-27-14
Slide 427-27-15

Slide 427-217-16

Slide 427-27-17
Slide 427-27-18

Slide 427-27-19 -



CONTENT OUTLINE
Cotirse: 427, Combustion Evaluation

LeclUre Thqe: NOx Control Theory

Page 7 of 7

NOTES

1. Dry flue=gas.method widely used in Japan

_ -
_ctive for oil and gas combustion

b. Ammonia injection creates reducing atmosphere
c. Flue-gas temperatures 100 to 700°F

d. Catalyet required
e. kesearch is underway to apply this technique to

particulate awl SO2 laden gas streams
2. Dry method for higher temperature gases
is a. Ammonia injected as combustion gases reach con-

vection zone of utility boiler
b. Gas temperatures around 1,300°F
C. up to 60% NOx reduction demonstrated

3. Net flue-gas treatment used in Japan
a. Strong oxidant required (ozone or chlorine dioxide)

b. Converts NO to NO2 or N20
c. Scrubbers absob NO2 or N20
d. Scrubbers operate at 100 to 120°F
e. Expensive techqique (ozone, chlorine dioxide

production, dizporals4rdi 9 )

f. .May be useful'f6r biN*11417 ticulate

control
I. Give examples of fluidized bed combustion units which

produce low NOx
1. Solid waste 'and sewage sludge incineration

2. Hog fuel combuetion
3. Coal-fired utility' boiler, 30 MN electricity

4. Coal- ired industrial boiler, 100,000 lb steamVhr
Potter Co., Aivesville, West Virginia)

(Georgetown University, Alexandria, Virginia)

2

Slide 421-27-20

: .



LESSON PLAN

TOPIC: Improved Performance by
Combustion Modifications

COURSt: 4v, combustion Evaluation
LESSON TIME': 60 min.
PREP/ED, BY : DATE

J. T. Beard Aug. 1978

Lesson NuMber: 28

Lesson Goal: The goal of this lesson is to provide the student with an introduc-
tion of the state ok the art combustion modification techniques which are
useful in reducing air pollutant emissions. e'

Lesson Objectives: At the end 1 th

state the benefits of proper maint nanoe and adjustment of residential
oil combustion units;

list three important features to check during the maintenance of
commerMII oil-fired Atkners;

lesson the student will be able to:

4411&:-

discuss.the aifference between,"minimum 02"..and nowest practical 02"
anaHWhy these are important iOndustrial, bailers;

1

,

.

list two reasons why a burner may have a higher "minimum 02" level than
the typical value and describe .:What remedies may be available;

,

indicate the effect on thermal efficiency of the combustion modifica-
tion techniques: lowering'eicess air, staged air combustion, reduced
combustion air preheat, and flue gas recirculation; and

discuss Why NOx control from coal-fired utility boilers is more difficult
than from similar oil or gas units.

Student Prerequisite Skills: 427 Course, Lessons No. 171 18, 22 and 27

Level of InstrUction ef Undergraduate engineering or equivalent

Intended Audent PrOfessional Backgrounds: Engineers, technical staff1'regu-
.1atOry.officials, and, others who work in combustion-related areas of air
pollution control.-

Suploort Materials and.Equipment:

Slide Projector

'Slide set fOr Lesson 28



Special Instructions: None

References:

1. Combustion Evaluation in Air Pollution Control, Chapter 17.

. 2. "Guidelines for Residential Oil-Burner Adjustments," Report No. EPA-600/

2-75-069-a, Industrial Environmental Research Laboratory, USEPA (Qct._1975).

3. "Guidelines for Burner Adjustments for Commercial Oil-Fired Boilers,

Report No. EPA-600/2-76-008, Industrial Environmental Research Laboratory,

.USEPA, (March 1976).,

I

. "Guidelines for Industrial -Boiler Performance Improvement," Report No:
EPA-600/8/77-003a, Industrial Environmental Research Laboratory, USEPA (Jan.

1977).

5. "Peference Guideline for Industrial Boiler
Pollution with Combustion Modification.," Report No.
trial Environmental Research Laboratory, USEPA (Nov.

Manufacturers to Control
EPA-600/8-77-003b, Indus-
1977).

6. "Control Techniques for Nitrogen Oxides,Emissions from Stationary
Sources," Second Editiory Report No-. EPAm450/1-78-001, Office of Air Qua1ity

Planning and Standards, USEPA (Jan. 1978).



SLIDE NUMBER TITLE OF SLIDE

4114k

427-28-1 SMOKE -CO2 PLOT FOR RESIDENTIAL OIL BURNERS

427-28-2 "LOWEST PRACTICAL CO " RESIDENTIAL BURNERS

LESSON 28: IMPROVED PERFORMANCE BY COMBUSTION MODIFICATION

427,18-3 EFFECT OF STACK TEMPERATURE AND CO
2

ON EFFICIENCY

427-28-4 -USUAL-RANGE 'OF VISCOSITY:TOR OIL FIRING

42S-28-5 SMOKE-CO
2
CURVE FOR COMMERCIAL RESIDUAL OIL FIRED BURNER

427-28-6 MAXIMUM DESIRABLE BACHARACH SMOKE NUMBER

427-28-7 PERCENT CO2 IN FLUE GAS AS FUNCTION OF EXCESS AIR

427-28. 8 BOILER EFFICIENCY LOSS CHANGE WITH EXCESS 0
2

427-28-9 SMOKE-0
2
CURVE FOR COAL OR OIL-FIRED INDUSTRIAL BOILER

427-28-10 'CO-0
2
CURVE FOR GAS-FIRED INDUSTRIAL BOILER.

427-28-11. EFFECT OF EXCESS 0
2
ON NO

x
EMISSIONS

427-28-12. TYPICAL RANGE OF MINIMUM EXCESS 0
2
AT HIGH FIRING RATES

.427-28-0 EFOECT OF REDUCING TgE FXCESS AIR ON BOILER EFFICIENCY

427:48-14 STAGED AIR EXpERIMENTAL WATER TUBE BOILER, TOP VIEW_

427t48-15 STAGED AIR EXPERIMENTAL WATER TUBE BOILER, SIDE VIEW

427-28-16 REDUCTION OF TOTAL NO
x

BY STAGED AIR WITH NAURAL GAS FUEL

or;

427-28-17 REDUCTION OF. TOTAL NO
X
'BY STAGED AIR WITH NO. 6 FUEL OIL

427,48-18 41 EFFECT1OF NOx PORTS ON BOILER EFFICIENCY

427-48-19. EFFECT. OF ,COMBUSTION AIR TEMPERATURE ON NO WITH OIL AND GAS

427728-20 r

427-28-21..

INFLUENC-AIFAIRTREHEAT ON

EFFECT OF COMBUSTION AIR PREHEAT ON.BOILER EFFICIENCY:
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427-28-22 REDOCTION IN NO
x
BY FLUE CAS RECIRCULATION.

427-28-23 NO
x

FROM GAS, TANGENTIALLY-FIRED UTILITY BOILERS

427-28-24 EFFECTS OF NO
X

CONTROL METHODS ON A GAS, WALL-FIRED UTILITY

BOILER
A

427-28.-25 EFFECT OF NOx CONTROL METHODS ON AN OIL, WALL-FIRED UTILITY

BOILER

4 27-28---26 NO FROM RESIDUAL OIL , TANGENTIALLY--FIRED -UTILITY .BOILERS

427-28-27 EFFECT OF BURNER STOICHIOMETRY ON NOx
TN TANGENTIAL, COAL-

FIRED BOILERS
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Lecture Title: Improved Performance by
Combustion Modification

44cmolt.

I. Introduction
A. State the lemoon objectives
B. Review the changing emphasis of preventive

maintenance for combustion equipment
1. Prior to mid-1960's
2. Influence of air polltition.regulation changes in .

early 1970's
3, -dninges due tO-the. rienergy cris1i of 1973"

II. Residential oil-burner
A. Introduce the need for maintenance and adjustments

1. Improve overall thermal efficiency and

2. Minimize smoke, particulate, CO, and hydrocarbon

emissions
D. Discuss aneual maintenance.by a skilled technician

1. Recommend annual replacemAnt of nozzle

a. Slight Wear of soft brass nozzle causes change
of spray pattern

b. Deposits of foreign materials cause drop size .

and spray pattern changes
c. Oversizing causee short cycling, lower thermal

efficiency, higher pollutant emissions
2. Clean dirt and lint from burner blast tube, from

housing, and blower wheel
3. Seal any Combustion chamber air leaks

4. Adjust electrodes for prOper ignition

5. Check pump pressure and.reset to manufacturer's
specification if necessary

C. Describe features of EPA recommended air adjustments

1. Ulm proper instruments
a. Bacharach smoke tester
b. .Orsat or Fvrite apparatus for CO2 measurements,

c. Draft guage to bet barometric draft regulator

Page 5 of 9

NOTES

2. Establish an
given unit
a. Reading
b. Locate

eicamine a smoke-0O2 plot for a 4

at various air gate settings'
e "knee"'of the curve

41. Adjust air setting for a CO2 level 1/2 to 1%
lOwer than the CO2 level of.the -"knee

3. ComPare results with the standards
a. The smoke level not greater than'No.
b. CO2 level not less than the table va ue

c. Deviation can be canoed by air leakage or poor

4r/fuxing
4. Measure stack teMperature

a. Compute ihe net Stack temperature
(1) Thermometer reading minus room air tempera-

ture
b. Compare with recommendations

(1) Should not exceed 400 to 600°F for matched-
package units or 600 to .700°F for converspn

2.fl burners
(2) lOcc4saive firing generates too much energy

for:heat exchanger, pocr efficiency.

28-5
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Commercial oil-fired boiler
\A. Recommend maintenance by skilled technician:

1. Clean heat transfer surfaces, flue passages, and

;burner\ Seal any air leaks.

2. Confirm that the nozzle is recommended by manufac-
turer.

3. Confirm that the oil fired is suitable.
4

4. Check manufacturer's reoammended oil temperature
or viscosity range

B. Discuss EPA air adjustment technique
1? Similarity .to recommendations for residential units
2. Establish smoke-0O2 plot at maximum firing rate
3. Adjust air setting for CO2 about II% lower than1V

knee value
4. C re results with standards

ke level below "maximum desirable"
b. CO2 level at 12% or higher
c. Differences caused by poor'atomization or fuel-air

. mixing
5. Special.adjustments for modulating burners

a. Apply above at low-firing and intermediate firing
b. Optimum air setting at low-firing has lower CO2

than at high-firing'
6. For.gas firing --

a. CO2 level will be lower,
b. Check-CO reading
c. Set tO b'e below 400 ppm

7. Check stack temperature.
IV. Industrial boiler adjustments .

A. Describe how proper maintenance and adjustment for lowest
excess oxygen can achieve

1. uced NOIc emissions and

2. Improved overall thermal efficiency
a. As excess oxygen teduced in coal and oil-fired

industrial units, "smoke limit" or "minimum 02

level" is reached
b. As excess oxygen reduced on a natural gas-fired

unit, a "CO limit" or "minimum 02 level"
reached (400 ppm CO)

B. Describethat lowest practical excess oxygen is.greater
than the minimum exceSs oxygen to accommodates

1. Rapid burner,modulation
2. "Play" in automatic controls
3. 'Variation in ambient conditions (mainly atmospheric

pressure, if boiler room provides constant tempera
tura and shielding from ambient wind), and

4. Variation in fuel properties
. Review'NOx control through reducing excess alt.

1. ROx fram coal combustion is very senSitive tp excess
oxygen

2. NOx from fuel oil combustion is sensitiVe to excess

* It .

.11 I

-10

oxygen, 'ad T.'
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3. NOIc from natural gas combustion ie lower than from oil
or coal and is less seneitive to excess oxygen

4. Fuel NOx is very sensitive to excess air (example:
coal and fuel oil units)

5. Thermal NOx is not always reduced with less excess
air (example: NOx from natural gas units may increase
with decreased excess air)

D: Describe -features of the EPA step-by-step boiler adjust-
ment procedure
1. Differences between this procelure ad6 those

for residential and commercial units
a. Sophistication of combustion control and safety

on industrial units
b. Instrumehtation (continuous Monitors for excess

02 or C62, CO, NOx, opacity, and stack tempera-
ture),

c. Importance oesampling site for representative
measureMent and

d. Boiler load characteristics requiring
siderable burner modulation

t 2. Compare "minimum 02" level with
typical values
a. Too high a minimum value results from burner

malfunctiOns or other fuel or equipment-related
problems and

b. Many b4rners exhibit higher "minimum 02" at lower
firing rated

3. Thermal efficiency Is increased
a. Care should be exercised to avoid CO, hydrocarbon,

and smoke
V. Industrial boiler design changes-

A. Manufacturer may adopt design modifications for NOx con-
trol which will provide
1. Lowering of excess air and improved boiler efficiency
2. Staged combustion with lower boiler efficiency
3. Reduced combustion air preheat temperature with

reduced boiler efficiency
4. Flue gas recirculation with a small degradation in

efficiency
B. Give an example of the influence of staged co9bustion

(from 40,000 lb/hr water-tube boiler):
1. Special secondary overfire air ports (NOx ports)
2. Burns rated with less than stoichiometric

air , 95%)
3. Loc and air velocity of Nt ports important

for NOx control
4. The iciency reduced usually

kC. Give example f reduced combustion air preheat temperature
Jthree boilers- sing natural gas or No. 6 fuel oil) which is
1. Effective NOx control for gas and oil
2. Not effective for NOx control in coal-firing (unless

high excess air is required)

28-7
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3. TypiCsAlly lower thermal efficiency since flue gas
temperatures increase when air preheaters not used

D. Give an example of flue gas recirculation (rGR)
1. An effective technique for NOx control, particularly

for natural gas fuel
2. Effeát depends on the percent of flue gas recir-

culated
3. Delivered with the primary air, the secondary air,

or the total air, appear
combustion equipment

4. &May not be the cost-effect method of NOx
control

VI. Utility boilers
A. Emphasize that NOx control effectiveness varies with

1. Furnace characteristics (size, shape, and operational
flexibility)

2. Fuel/air handling systems and automatic controls
3. Operational problems resulting from combustion modi-

fication
a. Emission of other pollutants (CO, smoke, carbon

in flyash)
b. Onset of slagging and fouling
c. Incipience of flame stability

B. Describe combustion modification examples for gas-fired
utility boilers
1. Produce only thermal NOx, the easiest to control by

combustion modification
2. Law excess air, routinely used in gas-fired uiility

boilers for NOx control whose
a. Reduction depends on furnace design and firing

method
b. Flame stability is not a serious problem
c. slight increase in thermal efficiency is generally

noted , 4

3. Flue gala recirculation (up to 20%) produces sub-
stantial NOx control (20 to 60%)

4. Overtire air, biased firing, burners-out-of-serviceare
effective techniques for achieving NOx control by
off-stoichiometric combustion

5. Larger units produce more NOx becaus of higher com-
bustion temperature

C. Describe combustion modification xamples for oil-fired
utility boilers using
1. Ful NOx, important part of the totil NOx
2. Law excess air, routine in oil-fired burners

for NO controlx

3. Overtire air ports, an accepted technique for providiri4
two-stage omMbustiox in wall-fired units

4.' Burners-Out-of-service in the upper 'mutt of the
firing pittern, used for NOx control in wall and
tangentially fired oil unite .

28-8
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5. Two-stage combustion with flue-gas rec (rc/ilation
a. Gives NOx reductions of 40 to 60% but
b. May require de-rating to be succe sful

6. Larger"units do not appear to produce more NOx
(fuel NOx rather than thermall NOx in oil-fired
units)

7. Flame stability problems occur with flue-gas recir-
culation /higher burner velocities)

8. Boiler cleanliness problems (deposits in the radiant
section) can increqlvW9x by 50 ppm

D. Describe combustion modVication examples for coal-fired
utility boilers whose ' -

1. Fuel-bound nitrogen accounts for up to 80% of the
NO from bu

\\\
p 2. Wall-fired b rners obtain reduced NOx through modi-

x coal ,

' fications such as
a. Low excess air

t b. Staged firing
F. Load reduction
.d. Flue-gas recirculation,which is much ,less effec-
. tive with co21-.Arin51.than with oil or gas ,

3. Tangentially-firtWbbilers emit less NOx than wall-
fired boilersciith ,

s: a. off-stoichlrOmettiC fi ing, effectfbe for NOx con-
trol

b. Fuel-rich burner cond tions which can produce ex-
ce4tive smoke and CO and flame ihstability

4. Flue-gas treatment may be a potential NOx control
technique, for coal .bcabustion in the future

NOTE: These techniques were discussed in Lesson 27.

J

28-9
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COME; 427, CoMbustion Evaluation
LESSON TIME: 60 min.
PREPARED BY: CATE:

F. A. Iachetta AUg. 1978

Lesson NuMber: 29 \

Lesson Goal: The goal of this lesson is to provide the student with engineer--
ing information on the application of flares to contrbl hydrocarbon and
toxic gaseous emissions.

Lesson Objectives:

calculate the
mlne when and

At the end of this,lesson"the student,will be able to:.

carbon-to-hydrogen.ratio of a waste gas stream and deter-
how much steam will be required for smokeless flare operation;

undeistand the difference between elevated and ground-level flares and
the design considerations which underlie the choice of one or the other;
and

describe provisions for leveling waste gas flow ates from intermittent
sources.

Student Prerequisite Skills: Course 427, Lessons 3, 5, and 7.

Level of Inst ction: Undergraduate engineering or equivalent

St'unt Backgrounds: Engineers, technical staff, regu-
latory officials, ahd others who work in combustion-related areas of air
pollution control.

Support Materials and Equipment:

1. .Slide projector

'2. :Slide set ror Lesson 29.

Special pustructions: Optio41 Topic A-

References:

1. .Combust,ion EvaluOiOn -in iir'Pollution Control': Chapter

29-1,

2

14.
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LESSON 29: WASTE GAS FLARES

4diff
427-29-11 GAS PROPERThS RE-FLARING

427-29-2 GAS PROPERTIES RE-FL1II6

427-29-3 SMOKE TENDENCIES, ACETIENE

427-29-4

427-29-5 . SMOKE TENDENCIES, ETHANE

427-29-6 SMOKE TENDENCIES, H/C > 0.28

427-29-7 WATER-GAS REACTIONS

SMOKE TENDENCIES, PROPANE

fs

427-29-8 STEAM REQUIREMENTS FOR SMOKELESS FLARE

427-29-9 .JOHN ZINK SMOKELESS FLARE TIP

427-29-10 ! CROSS SKTION OF A SMOKELESS YLAREURNER

'427-29-11, FLARE TIP WITH INTERNAL STEAM INJECTION

427-29-12 SINCLAIR FLARE BURNER,

427-29-13 ESSO.TYPE BURNER

. 427-29-14 MULTISTREAM-JET BURNER

427-29-15 MULTIJET-GROUND FLARE

427-29-16 VENTURI-TYPE FLARE

427-29-17 WATER SPRAY TYPE GROUND FLARE

427-29718 NUMBER OF .PILOTS REQUIRED

s
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_I_ of 4

NOTES

I. Introduction '

A,. State lesson objectives,
B. Discuss the general background of flare combustion as

an air quality contr91 methdeN
1. Flares are used to dispose oi waste gases
2. Gases Which may be flared:

11,. _Need concentratione_greeter than the
b. 1*ticulates can be dangerous; discuss why and

how
II. Various Flare Designs

A. Describe the types Mt flares
1. Pit type, usually not desirable
2. Ground-level flares

a. These are usually limited to lower molecular`
weight gases

b. .There is a need for thermal radiation shielding;
describe it

c. Operational f9atures,.such as relatively easier
maintenance and less visibility canibei had with
sone flare designs

3. Elevated flares are used with heavier molecular
weight gases
a. The elevated flare also is used whencombustio9

products are relatively undesirable
b. Flare elevation reduces or eliminates the need

for thermal radiation shielding an economic
advantage

4. The use of water-surge tanks to dampen ffow fluc-
. tuations

B. Describe flare combustion characteristics
1. The importance of the H/C ratio for smokeless opera-

tion should be emphasized
a. 11/C > 0.28 requires no steam
b. H/C < 0.28 requires steam for smokeless opera-

tion
2. Water gas or shift reactions

C +, H20 4- CO + 112

C\ + 21120 4- CO2 + 112

3. There"are limitations on thi use of liquid water
sprays instead of steam',

4.' Ths conditions governing he use of steam should te
evaluated
a. The importepce of H/C atio should be restated

, b. The degree to' which hydrocarbons maylbe
saturated or unsaturated should be mentioned

1

Slide 427-29-1, 2
refer to Student
Manual,, p. 14-31.

Slide 427.729-3 .

Slide 427-29-4
Slide 427-29-
-Slide 427-29-6

êt

Slide 427729-7

Slide 42 -29-8 or
refer 1 Student
Manual, Attach-
ment 14-14, p. 14-
26.

zio
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c. 'Examples are:

Pagei_
NOTES

ethane, C2H6, all eingle bonds for carbon,
saturated with hydrogen

H H

I 1,
H CC--H

-I.-

H H.
41.

C2H6

and ethylene, C04,. uneaturated as indicated by
a double

H H

C C

I ' I

H H

C2H4

d. Conditions for minimum steam must be noted.
5. The details of various flares,- oting that steam-

can be introduced in many ffere3t
ways
a. 'Slides 427-29-6 rough 427-29-10 illustrate

vari us arr ements

-

b. Light gases (WC > .28 or CO rich) can be
flared in either a venturi or a multijet flare
arrangement -

c. Water sprays can be used with heavy gates in
ground flares

d. A range'of lare diameters ehoUld'be given
e. The number f pilots e.3quired-is a functibn of

flare di...ter t.

f. The all.'able radiation of 1,000 Btu/ft2hr can
be use all a desig* criterion

(1) U ually solar input of 300 Btu/ft2hr has to
taken into account

6. Noise - ems arise both from combustion and the

No

use-o steam.-

,

Slide 42'7-29-9

Slide 427-29-10-
Slide 42729-11
Ilide 427-29-12
Slide 427- 13

S114e'427-2 14

Slide 427 -15
Slide 427- -16

Slidej427-29-17.or
refer to Student-
Manual, p. 14-24.

Slide 427129-18
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Lesson Number:
%.

Lesson'Goal: The goal of this lesson.iJ to provide the-studeq..w information
abowE the design, operation, and air pollution emissions,fidm sew e sludge

30

incinezatori.

Lesson Objectives: At the end of this lesson the student willbe able to:

list and discuss the abc pOklutants
. .seWage sludge:

efilitted in thelincinerattOn of

4..
-describe the special design features required for burning wet
sewage sludge fuel;'

describe the coMbostion-related activity`Occurring in eacethe four ,

zones of the multiple-hearth sewage sludge incinerators;

discuss the options of combustion air preheating,flue gas reheating,
and energy recoveryvand

e.

list two important operational problems which can
air pollution emissions.

/I
Student Prerequisite Skills: Course 427, Lessons Number 23 and 26

adversely influence \

.Level of Instruction: Undergraduate engineering.or equpr4ent

'Intended Student Professional Backgrounds: Engineers, technical etlIff, regu-
latory offilals,'ahd others Who work in combustion-trelated areas of air

. pollution co trol.

Support Material! and Equipment:

1. Slide projebtor

. Slide set for IAsson.0,

.12



C.

References:

1. Combustion Evaluation in Air Pollution Control, Chapter 12.

2. "Air Pollution/Aspects of Sludge Incineration," EPA Technology Transfer
Seminar Publication, EPA-625/4-75-009 (June 1975).

3. Petnra, R. C., "Operating Characteristics and Emission Performance of
Multiple Hearth Furnaces with Sewer Sludge," Proceeding óf 1976
National Waste Procgssing Conference, ASME, pp. 313-327 (May 1976)

4. Rubel, F. N., Inpineratiop 2f Solid WasEes, Noyes Data Corp. Park
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427-30-2

.427-30-3

427-30-4

LESSON 30: MUNICIPAL AEWAGE SLUDGE INCINERATION

TYPICAL SECTION OF A MULTIPLEHEARTH SLUDGE INCINERATOR

MULTIPLEHEARTH FURNACE FOR INCINERATING MUNICIPAL SEWAGE
SLUDGE

SINGLE HEARTH SLUDGE FURNACE

1I
FUNDAMENTALS OF FLUIDIZED INCINERATIION

'30-3
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NOTES

I. ,Introduction
A. State the lesson objectives
B. Incineration is an acceptable method for sludge

reduction to produce
1. Sterile landfill material
2. Odorless emissions
Particulates may be controlled to the New Source
Performance Standards (1.3 lb/ton dry sludge input)
by using eittrer-

1. Venturi scrubbers with approximately 18 inches of
water pressure drop

2. Impingement scrubbers and automatic control
(sensing 92) of auxiliary fuel burners or

3. Electrostatic precipitators
Municipal Sewage/Sludge
A. Describe composition and give examples of

1. Moisture content
a. Varies with ratio of primary to secondary treat-

ment
b. Varies with drying equipment

2. Combustible materials
3. Dry heat content

B. Miy contain metals, potentially hazardous air pollutants
1. Give examples which are converted to oxides and

removed with ish or particulates (cadmium, lead,
msgnesium, and nickel)

2. Describe special% problems of mercury
a. Provide an ekample concentration (t ppm)
b. Decomposes to mercuric oxidc or metallic mercury

in high-temperature regions bf incinerators
c. Give an example of removal by scrubbers
d. State the hazardous pollutant standard limiting

mercury from incineration and sludge drying
facilities (3,200 g/day)

C. Discuss toiic pesticide content, as well as other organic
compounds, such as PCB's
1. Give an example concentration (1.2 to 2.5 ppm)
2. State influence of combustion temperature on

.decompositibn
a. Up to 95% at 700°F
b. TOtal decomposition at 1,100°F

'III. Mulfiple-Hearth Furnaces
A. Describe history of use

1. Current design,,an adaptation of the Herreshoff
design of 1889

2. Previously used for roasting ores
3. Adepted for sewage sludge in 1930's

'a. auwiliary.fuel
b. Nampa operat*on controls

4. Wet scrrbbere added in 1960's
5. 'Automatic controllSre, improved in the .1970's

B. Describe typical dosignfeatures
1. Cylindrical refractOry lined shell

:3d-4

ar

See Attachment
12-1, Chapter 12
page 12-10
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2. Multiple (5 to 11) horizontal refractory hearths
3. Mechanical stoking produced by motor-driven revolving

central shaft:
a. Typically, 2 or 4 "ramble" arms for each hearth
b. Central shaft and "ramble" arms, air cooled
c. "Ramble" teeth (similar to ploughs) agitate the

sludge material and move it across_hearth to
openings for passage to the next lower hearth

d. PlowingObreaks up lumps and exposes fresh area
to heat and oxygen

4. Excess air, between 50 and 125%
C. Diecuss temperatures and purposes of each combustion zone

1. brying zotie
a. Moisture uced to 45 or 50%
b. Sludge temperatures raised ilompambient to 160°F..

c. Gases cooled to around 850°F
d. Typically no odor problem because of low sludge

temperature
2. Volatilization zone

a. Distillation of volatiles
b. Combustion of gases, yellow flame
c. Temperatures 1,300 to 1,700°F

3. Fixed carbon burning zone
a. Short blue flame

4. Cooling zone
a. Cooling ash heats combustion air

) qD. Discuss influence of moisture on combustion an0 fuel
requirements
1. Give an example of the influence of moist re con-

tent on combuiition temperature
2. Give examples of influence of moisture and

. rate.on.coMbustion zone location
a. Feed rate or moisture reduced, combustion region

may move to higher hearth
.b. Feed rate or moisture increased, combustion

region may move to loWer hearth, because longer
drying time le required

c. If combustion zone drops too low, auxiliary
fuel must provide energy td control cornhus-
tion zone

E. ,State 'that instruientation and combustion control systems
may include

.

1. Temperature-indicating controllers
2. PrpOortionate fuel burners,(with electric ignition)
3. Ultraviolet scanners
4. Motorized'valves in'air headers _

5. :Automatic draft control
6. Fluegas oxygen analyzer driVen controller \_._2--)

P. State that cooling air (at oer) from cenilf shaft
and ''ranible" arms may be used as
1.. Preheated combus on air
2. : Reheat energy to 11 id in dissipating the plume

-associated with the wet scrubbers'
G. Describe waste heat recovery designs

40-5
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NOTES

1. Combustion air preheat
2. Building environmental control or
3. Thermal conditioning of sewage sludge (to reduce

moisture and save fuel costs)

H. Review methods for controlling air pollutant emissions

1. Insufficient coMbustion air results in smoke
emitted from furnace doors as well as stack

2.. Plugged _scrubber plates will cause restriction of

gas flow
3.. Venturi scrubber recommended
4. Auxiliary fuel burners for combustion temperature

5. Sludge dewatering for combustion temperature

6. AfterbUrner for
a. Plume dispersion
b. Odor control

IV. Other municipal sewage sludge llicineration equipment

A. Mention, as an example, the design of small single-

hearth sludge furnaces
B. Discuss the typical design features and emissions

control of fluidized-bed combustion units (reactors)

.1. Fluid bed where fuel, sand, and residual inorganic

materials are-intimately mixed with air (resembies

boiling agitation)
2. Thermal oxidation (at 1,200 to 1,920°F) with no

flame, bed may glow
3. Fluid bed volume cif adequate size to act as a

stabilizing heat.sink
4. Disengagement zone above fuel bed which permits

larger solid particles to settle out before exit-

lng with the flue gases
5. Scrubber required for particulate control:

6. Operating temperatures and excess air arg low so
that NOx_formation is modest

7. Also demonstrated with 'wood waste and with liquid

chemical to produce hot gases for steaM generation

in recovery boiler
C. Mention that co-firing of municipal solid waste with

sludge has been proposed as an acceptable combustion

plan having improved economy.

A
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LESSON PLAN

POLLUTON
TIPIANVIPOO

61,
TOPIC: Pro-Test and ost-Tost

.COURSE: 427, Combustion Evaluation
LESSON TIME: 60 min.
PREPARED BY: DATE

J. T. Beard Oct. 1978

Lesson Number: 31'

Lesson Goal:. The goal of the Pre-Test and Post-Test is to measure the effec-
tiveness of the training program in teaching the participants the instruc-
tional objectives.

Lesson Objectives: At the end of the time periods for the Pre-Test or the
Post-Test, the student will have:

dttermined to the best of his or her Ability the correct answers to the
50 qdbstions on the test;' A

worked the test independently without assist4nce from other persons,
from personal notes; or from other course or text materials;

marked his or her answers on tio answer sheet, signed tile answer sheet; and

handed the answer sheet toothe course moderator.

Student Prerequisite Skills: Air Pollution Training Institute Coarse 452 or
equivalent expetience, and one of the following: college level training
in physical science, engineering, or mathematics.

t.

'Level of Instruction: Undergraduate engineering or equivalent.

Intended Student Professional Ba6kgrounds: Engineers, technical staff, regu-
latory officials, and others-who,work in combustion-related areas of air
pollution control.

Support Materials and'Equipment:
No, 1

Multiple copies of Pre-7*st and Post-Test, including the attached tables
of property valueb and answer sheets, for distribution to the students
at the beginnihg of the testing. periqd.

0

Special Instructions:

'Advise.the;students that the tests are fimed, closed-book tests, and that
only the completedsenswer sheet is to be handed in at the end of the test
. .

time peri6d.-

31-1
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ithe Pre-Test measures the students' entrance level of knowledge about

Combustion Evaluation in Air P011ution Control; and the Post-Test measures

the studerqs' knowledge at the end of the course. A comparison of the

students' grades on the two tests will indicate the Learning that has

been achieved during the training period.

.A completed answer sheet is included in the lesson plan to aid the course

MOderator in grading the tes,ts. At the end of the tests the moderator

may post the answer sheet for the benefit of the students.

Reference: None

viEr'
Jr'S
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SCORE FOR PRE-TEST
ANSWER SHEET for Pre-Test Name:

#427 -- Combustion Evaluation

411-0.

Part I True-False Part 11 (continued)
.......

1. 0 F 17. a b c (!)
2. T (110 -111. 0 c d

3. 19. a
c

k .0 1

4. F 20. a 11..... 0 d

S. T 0 21. a al c
a

22. a b c (5

7.

10.

Part II Multiple Choice

1. a c d.

2. a b 00d

3. (70 b c (1.

4, a b d

5 . a. .b (E) d

6. a b c

7. b c .d

8. a b c

9. 0 b c d

10. a b

11. .0 b

12. b c (2)

13. a b Cfr d

14. a b c

15. a

.7-

23. a cd
24. a b c

25. a

Part III Fill in the Blank

)-
100°F

2. ix, 1,000 Btu/ft3

3. 'A, 84% ± 5%

ca utility or industrial power plants

)D diesel engines; gas turbinesi*

5a -Ariozzle - (is it appropriate?).

b oil (is it appropriate? what T?)

6. a sulfur ; nitrogeni

b 4sht vanadium:

7. steam injection

Part IV Problems

1. 2.38 ft3

2. 25,000 ft3

3. 674 'gal/hr.

4.
%

sdion 'Btu/lb

5.- 22
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#427 -- COMBUSTION EVALUATION IN AIR POLLUTION CONTROL

PRE-TEST

Note: The entire test is closed book. Each answer is worth 2 points.

Enter all answers on the ANSWER SHEET provided.

Part I True-False

.

Note:

T F

For each of the following statemepts, circle on the answer sheet,

the letter T.if the statement is True or the letter F if False.

Good combustion.with minimum oxygen and no CO in the flue gas implies

maximum thermal efficiency.

2.

3.

T

T

F A gas flame is likely to develop a yellow tip with increased percent

premix. *1,

Exce air can be used to contrOl furnace temperature.

4. 11 F The use of Whter walls in a furnace'permits reduction of excess air

relative to a refractory-wall furnace.

5. T F Most gas burners can easily handle a wide spectrum of gaseous fuels.

6. T F Thq difference between the higher (gross) and the lower (net) heating

value of any fuel is the amount of heat lost to the surroundings of

the combustion installation.

7. T F A1 chemical equilibrium the forward and reverse reactiOns are equal

with the net effect of no change in the amounts of reactants present.

8.

9.

10.

T

'T

T

F

F.

F

The region of stable flame operation is unaffected by the fuel gas

flow rate through a burner.

Furnace volume required for burning gaseous fuels is generally

higher than for .the more'dense fuels, Such as ofl or coal.
,

Blue flame is characteristic of burning gaseous fuels ,with a high

4, degree of premix of the fuel and the air:

Part II Multiple Choice

Note: Thereeis only one "best answer." Circle the proper letter on'the

answer sheet.

1. The major ltmit.on the rate of combuition of .a fuel oil is

the rate of mixing of the air and fuel'vapo54-

the rite of vaPorixatfon of the oil.

,tVt rate of diffusion of 02 to the surface'of the droplet.

.7

:Pre-Test A
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2. Ccpbustion rate is influenced by the temperature as expressed by

-

v-a Charles' Law.
b Dalton's Law.
c the Arrheniu.1 Equation.

P

3: The heat Content or enthalpy of a material is

a the sum of sensible and latent heats above so
condition.
the sum of gross heating value
above a reference value.
-the-sum-of the-available heat a

above the reference value.

erence

and the sensible a 'latent-heats

nd the sensible and latent heat

4. As ,the temperature of a fuel oil increases

a "- the fuel oil nuffiber increases.

b viscosity increases.
c :* viscosity decreases.

d more pumping energy is required.

4

e oil vapor temperature at whial a spark will cause ignition (explosion)

s called tom.

a lower flammebility limit.
b higher flammosbVity limit.
c flash point:
d fire point.

6. Amoke may be reduced from a controlled-afir incinerator by,
s

a opening the chaiqing door. ,

AD adding moisture tO" the charge.
increasing the fan speed. ,

d reducing the charging rate Ankair.velocity:
1

7. Sulfur from fuel oil combagon
-

a is Shifted more to $03 with higher excels air

b is emitted Otinly 'as 503 mist.'

c. doesnot contribute to the heating value of the fuel.

d is.desitable becaulie it. kills germs.

4.

. Catalytic dissociation

a istecommerkded for .controlling NOx from coal furnaces.

b .requirep An Oxidising 'atmosphere.
c requires a.carefully controlled high gag temperature.

requires e reducing atmosphere:



9. The theoretical minimum flue gas temperature wnich can be achieved from a

boiler producing 500°F steam, which has a preheater and an economizer,is

a

b 50

c 1

d 500

ient teMPerature.
oF.

00F x efficiency.
F x efficiency.

10. Improper operati n of a natural gas fuel boiler is indicated by an instrument

readinv of

a 10% 02 i the flue gas.
. 2 Oiri e'fluc Om.
c op;Icity of 0%.

d all of the ve.

11. Which of the.following- rmAlas would you.use to calculate (at constant

pressure) a volume change in flue gases due to changes in flue gas temperature?

-a Q = Sp. heat x lbs (T2

HA
b iH12_

" g

V2

v
.A

T
1

V2

*

12. Flue gas oxygen conten

trvg

centigrade temperature
4

-T =. allosolute temperature *

a may-be used as a co sbion control variable.

'15 is particularly useful w n a syhem simultaneously burns

multiple fuels.
c can be used in the place.of CO2 tb monitor coMbustion.

-d. all of the above.. .

13, A certain mass of methane occupies 100 ft3 at 60°F and 1 atm. pressure.

The tempdrature and pressure of this gas i4 raised to 580°F and 2.5 atm..

The volume of methane at the final conditions is

a greater than 100
b equal to 100 ft3.

less than 100 ft3.

Pre-Test .3
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--41 14. The volatile matter in solid fuel has the greatest influence on which of
the following?

a total air required.
b fuel bed thickness.

combustion temperature.
- e'%-overfire air.

15. Water injection is an effective NOX control measure for gas turbines because

a gas turbines operate at higher temperatureS than furnaces.
water is cheap and weighs about.the same as oil.
water acts as a heat sink.

. . _ _ .

. d water helps to wash away the soot.

16. Flue gas recircUlation generally

a improves the thermal efficiency. .

b increases the combustion temperature.
c reduces the combustion temperature.
d is more effective for fuel NOx than for thermal NOX'

17. The effect of a substantial increase in the fpel moisture content

a reduces flame temperatur.e.
b- reduces energy utilization in the radiant boiler section.
c reduces rated unit capacity.
d all of the above.

18. Multiple-chamber incinerators operate with
controlled-air incinerators.

,

less
b more
c himher temperg_ture

lower velodity

excess air, compared to

19. Combustion in controlled-air incinerators occurs

a with lower temperatures than in multtple-chamber units.
b with lowdvelocities.

. .

c with three stages of combustion.
d with more particulate emissions t an a municipal incinerator

equipped`with a water-spray device.

P

20. Most toxic and hazardous chemicals

,

a cainot.be disposed.of by inftneration. .
.

.

have general-purpose incinerators availAble.for their destruction.
- C require specially designed incinerators.

0

-)



21. Afterburners are operated at less than 25'percent of LEL concentration of

combustibles

a to avoid excessive temperatures.
for safety reasons.
due to availability of low-cost fuelso

22. A flue-fed single-chamber inCinerator with an afterburner on the_roof, in

comparison to a- controlled-air incinerator

4

a has less fuel required by the afterburner.

b needs a larger fan.
c -lhas-lower average air velocities .

d uses more overall excess air.

(

23. Steam-atomizing nozzles may be converted to air-atomizing nozzles

a because air is so economical.

b if the fuel temperature.and viscosity are appropriate.

c if the nozzles get dirty.
d only in commercial-sized oil-fired units.

24. F-factors A

a are useful in calculating concentrations from new stationary

sources.
b do not require actual air-flow and fuel-flow values.

c do require correction for excess air.

d all gf the above.

25. The emission factors,ssAas those given in AP742, are

a exact for each type of source indicated.

b the average emissions from a collection of similar

c valid only for new equipment.

d all of the above.

Partl.in Fin in the Blanks

1. State the typical flash point for a.No. 2 ftiel oil:

.2.; Give a representative value.of the heat of combution for a

sources.

°F.

natural gas:

Btu/scf.

State a typical percentage .by weight of methane in natural aS: %.

a

4: List twp of the three major stationary sources.of NOx.emissiOir:



5. List two important features that should be checked during maintenance of

commercial oil-fired boilers:

a

A

6. List two chemical constituents in a fuel which influence the air follutants

formed:

a

. -The water-gaa'reaction-in. flare combbstion is-achieved by--

Part IV Pro/.ems

1. If one ft3 of hydrogen at standard conditions requires the oxygen from

2.38 ft3 of air for complete combustion, the air required to btirn one ft3 of

COlwill be: = ft3.

2. For hogged fuel having 5,000 Btu/lb as-fired heating value, calculate the

furnace volume required to ftre /50 ton/hr if a reasonable design is 20,000

Btu/hr ft3: ft3.

3. If the energy output needed is 75 x 106 Btu/hr, calculate the requiYed oil-

burning rate if API 10-:.degree oil is burned with an overall thermal effi-

ciency of 72%: gal/hr.

4.. If Douglas Fir has aidry heating value of 9,050 Btuflb, calculate the at*-

fired heating value if the moisture as-fired is 35.9%: Btu/lb.

5. Determine the excess air percentage for a fuel combustion process whose

Orsat.analysis of the flue gas is 9% CO2, 5% 02, and 2% CO:

% excess air.

(0 - 0.5 CO ) x 100%
%EA =

2p p

0.264 N (0
2p

- 0.5 CO
p)2p

Pre-Test 6
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_Attachment 3-1 Analyses ef Samples of Natural Gas2

Sample No. 1 2 3 4 5
Source of Gas Pa, S. Cal. Ohio La. Okla.

Analyses
Constituents, % by yol

112 hydrogen - 1.82 - -
C114 Nk0mniN 83.40 03.33 MOO84.00 84.10

C.2114 thylene - 0.25 -
C9110 Etlinno 15.80 14.80

C6 Carbon monmido -
0.70
-

00..4252

5.00 6.70-
CO.) Carbon dimide

.

9;80
3.40 500N2 Nitrogen 0.80 0.50 8.40

02 ONygen - i 0.35 -
1 V I lydrogen sulfide 7.--- - 0.18

Ultimate, i7, by wt N

S Stalin

7253.2553

724.1..7320

:0..31.21 69.26

--
112 I tydwg,, 23.20 22.68 ' (2.5(41884i

c, Carbon
N.) Nitrogen 1.22 0.76 5.76 8.06 . 12.90

()? O \ n(11 1.22 1.58

0.636 0.000

1.41

Specific giavity (id to air) .0.5670.030 0.030

Higher heat value . tr

Mil ;ill it O. ttOF & 30 in. Illg. 1,120 1,116 964 1,002 974

litiCili of (uel 2.3,171) 22,904 22,1177 21,824 20,160

Reprinted with permissio6 of
Babcock & Wilcox

Pre-Test 7
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Attachment 3-3, Detailed Requirements for Fuel Oilsl

eyed, of Feel 00.'

r Wow
sadHoek own

Poin4, Pein4, Sediment
r r P.1 sent

by
velem*

I _____ _
M. Man Mo Mo

Carbon
Reside.
en 10

pe visM
litettoose.
pet gins

fA slistiliot* oil infenclirel ler cs nor- . 100 et 0
1

pa, 1 1i1,^11 PM-sylmr !Mowers end other : logos
I besners reaseirmg *It erode
Illsel .

, i

IA eistilletestil les gormtl outposts , 100 or 20'
No. It dereestic motif., ler use in bustlers legl

4°

Ines segaiiing Me. 1 fuel ea ;1

f- 11...1 : An sit fee benne, instedations nal 130 er 20
Mo. 4 oviogoct with preheating font . legal

i

i'a 01 I

Ft IA aliditadaype Ad los blesser in.: .. 130 es
No 5 stolletions equipped with preheat- legal

OD ino facilities -
I

.

. An ea jet vi ln berness epnopod :

the.d' with preltesstets stermitting high. 150
!viscosity fuel-. .

trot 0.15

0.10 0.35

C.50

1.00

I Olsellhalon kIneasolls Visenslby,
Ash, .:

Temosweteres, 5.44.111VIssoeltg, see
eentleeobes liront Coops.

Fpe. se& de% keep
by 10

wiled c.,, 00 per COM thilVtISOI el NMI sit At 100 f I At 1 22 it ! Ar1 Moo.
Paint I Peiet 1 00 F 1 22 f

t---- .

Mae my. Wiwi Min Me. Min

0.10

0.10

120 530

I

440' 510' 32.103 32.4

175 45

2. 300 1.5
;

Mn Min Me. Mis Mr Mee

2.2 ... 35 tie. 3

13.6r 12.0r

126.4 (5.1)

132.1) 4111 ...

. 1630 111)

30'

sit

a Recognising tha Isecessily ler kse sieller,wel oIl, used in connection with heat treatment nous metal. 'less end eamesiefucattces end ethet special mos. sal.fat requirement teely be weUl .

fled in 6011 the foXewrng robte.
,

larde el Feld Oil
No. 1

Mo. 4 . .*. . . .....
ble.

Mo. 6 ..../ .... .... ....
015,or seller limits aiy be specified only by tenteol eoteentnt between lhe purchaser and Me seller. .

.

4 hales Went if those clessintesient *el failure titt meet any reqvaetneor of given erode does not endannetleHy place ea oil to the sent lower erode entess 4n lad it meets 64 twinireaterats

61 the bower rode. . .. . .
. .

.. ' laeret or higher peat peatts may be spcifhtd,.selteattrer 41.41ed forciniMea of oases r vet. Now.vor, thosespecificatlant sh&1 oat teare pow point lower than 0 F ander any grail/1o".

. 4 AN, 10 per cm,t dii006A teespetstare point ter.# Iltrt specified 1 440 0 meihenne FM me In ether.lbes stiMeilling b'etnets. . ..
! I Whew pstr point less than 0 F is specified, the sni&reetn viscosity AO be 1.4 cs 433.0 see, Saybell Univ.rserl)ond the weintamn #0 per cent oohs! duel lea welyeel. .

1,31wt ailment of water ley dist4111 plus the eedlrnent by entsecliess shell not envied 2.00 pet cent. 11sre ammo or sartiteent by enNtseKlit ONO atto exceed 9.30 ottribm. A dede6Nets A* Mireasity
.. .

ifillfi Mb Palk floc 44 'Niter ond sediment in *item Al 1.0 pot C. . .. . . ..

6 oh. Mies 0 Aube, Atiasene, Celeftscwie, Ileeseil, HO*, tatareelts, 66066, Weds nd Wdass0166, ededaam stroyity ed MI deep API I. petatiesible

Reprinted with permission.
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Attachment 3-4,. Typical Analyses and Tikopettiezi 'Of Mel; oils1

Mode

Type

Color
-
API gravity, 60
Specific gravity. 60 -60 F
lb per U S gallon. 60 I
Vistos . Cenlistoluss. 100
Voscei Saybolt Univ, 100 F`
Vistas Soybalt Fucal, 122 I
Pour poknt. F
Temp for pumpii,p, /
Tmp. for otoniitIng F
Carbon residue. per cent
InIfur,. Per -tent
Oviform and nitrogen, per rent
Hydro4en per cent
Corbo b. per cent
Sediment and water, per cent
Ash. per cent

per gallon

Ms 1
Feel OP

.. -
Distillate

(Kerosene)

1.1pht

10
0.1231
6 $70
1.6

31

Wow sego
Atmospheric
Atmospheric

Trace
0 1
0 2

13.2
116 3

Trace
Trace

137.000

N. I
Feel 011

14s4

Distillate

Amber
- .

32

g 1631
7 206
2.68

35

Splow rirrn
Atmospheric
Atmospheric

Trdc
0 1 0 7

0 7
12 7
116.1

Trace
Trace

111.000

Veri, light
Residual

He:
feel Oil

light
Rsidua1..

Slack I %lock

21

0 9779
7 727

IS 0
77

10

13 min
23 rnin.

2 5
01 1 3

0 111

11 9
86 10

mat.
0 02

116,000

17

0 9529
7.935

30 0
232

33 Min.
130

0
2 0 ma

0 70
117

45-55
ID man

0.05
148.000

N. 8
011

Residual

Slack

17

. 01161.
11.211

360:0

170
65

100

200
12 I)

mar.
092
105

85.70
2 o mem.

0 oe
1 somp

Technical Information from Humble 011 & Refining Company.

Reprinted with pernilssi9n
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Attachment 3-5, Gravities, Densitids, and WatS of rombustion of Fuel Oils6

YALU! S I OR in TO 49 1/1 (4 API, INCA U FPIIt II I) I ROM BIM! AU Of S1 ANOAROS

MISCELLANtous PIM( ICA HON NO, 97, "1 III. UMAL PROP( I:TIES OF PE I I:01 f UM PRODUC I S

GRAVITY AT
60/60 F

DEG
API

5

7

8

12

9
0

13
14
)5
10
17
18
19
20

21
22
23
2.1

25
,26
27
20
29

31
32

\\313
. 4

:0,
37
38
39
40

3
42

4
45

47

'41t

sPfortc.
GRAVIIY

1.0291 -

1.0217

1.0143
1.0071
1.0000
.9930

0.9861
0.9792
0.9725

0.9659.
0.9593

0.91529

0.9465
0.9402

0.9310
0.9279
0.9218
0.91W;
0.9100 '

0.9042

0.8984
0.8927
0.8871
0.8816

0.8762
'0.8708\

0.8654.
0.8602
0.855C-

0.8498
0.8448
0.8398

0.8348,
0.8299

0.8251.

6.8203

0.8155
0.8109
0.8063
,0.8017
0.7972

-0.7927
0.7883
.0.7839

DENSITY
AT 60 F

LB PER
GAL

TOTAL HI Al OF. COMBUSTION
(At Conshmt Volume)

BTU
PER LB

BTU PFR
GAt_

AT 60 F

. 8.643
. 8.580

8.518
t 8-.,5157 I

-48.397
8.337

. 8.279
8.221)
F.11,4
8.108
8 o53
7.998
7 .944
7. 891
7 .839

787

7 ..,538
. 49p,s,

7....1113t

.7.3%

7.260
7 .21.k
7. 171
7 .128
7 .085
7.043
7.001
6.960
6.920
0.879
6:839

6.799
6. 760
6.722
6.684
0 .646 r
6.4,09
6.572
6.536

18;250
18, 330
18090
1.8j 440
18,490

18,540

1 640
1 ,690

18,740
la,790

48,840
18,890.
10,930
18,980
19,020
19,060 r

19,110
19,150
19,190
19,230

. 19,270
-19,310
19,350
19,380'
19,420

19,450
19,490
19,520

.1q,560
19,590
19,620
19,650

19,680
19,720
19,750'
19,780
19,010'
19,030
19,800
19,890
19,920
19 9:10 r
19,970
20,000

V157,700
157000
156, 600
155, 000
155,300
154,600
1534 900

300
15., 600
152, 000

tr 151,300
1.50,700
150,000
149,400
148, 800
148;100
147, 500
146;800
146,200
145,600
145, 000
144, 300
143,700
143,100
142, 500
141,800
141,200
140-,(100

140, 000
139,400
138,800

' 138,200
137,600
137,000
136,40o
135,800
135,200
134,700
134,100
133, 500
132, '100
132,400
131,000

'131,200
.130,700

CAL PUlt G

10,140
10,180
10, 210
10,240
10, 270
10,300
10,330
10,360

'10,390
10,410
10,44u

, 10,470.
t 40,490

10; 520
10,640
10,570

590
10,620 ,r
10,640
10,660
10,680
10,710
10,730
10,750
10,770
10,790
10,810
10,830
10,850
10,860
10,880
10,900
10, 920
10,940
10,950

10,970_
10,990

111000
11,020'-

11,030
11,650
11,070
111060--

11,100
11,110

NET HEAT OF COMBUSTION
(At Constant Preosure)

BTU PER
1 GAL

Al 60 F
1(10 PER LB CAL PER G

17,290 149000 9,00
17,340 148,800 9,650

17,390 148,100 91670

17,440 147,500 9,700
17,490 116,900 9,720

17,540 146,200 9,740

17,580 145,600 9,770

17;620 144,40 9,790

17,670 114,200 91810

17,710 443,1)00 9,810

17,750 142,900 9,860

17,7,90 142 , 3(6 91880

17 , 820 141,600 9,900
17 c860 140,900 9, 920

17, 900 140,300 9,940
17,930 139,600 0,06
47,900 139,000 9,980
48,000,". 138,300 10,000

18,04. 137,700. 10,020
18,070 .137,100 1'0,040
18, 100 130,400 .10, OW

181130 135,800 10,070
18, loo 135,200 10, 090
18, 190 131,600' :0,110
18,220 133,90u 10,120
18,250 133, 300,_ 10,440,
18 280 132,700 10; 150
18,310 -132,100 10,170
18; 330 131,500 10,180
18,360 130; 10,200
114, 390 13y, 300-

.18, 410 129,700 1 23o
18,430 129,100. 1 ,,t10
18, 4601 1128,500 i

111,480 11271900 10, T7 )

18,510 ,,127, 300 10,280
18,530 -,126,700 10300
18,560 126,200 10,310

18,580 15,600, 10,320

18,000 1251000 10,-330

18,020 124;400 10,340

18,64.1/4 123,900. 10,360

18,060 123,300 ,10,370

18,680 1:X1807 10,380
'141,700 122,290 10,3%)

A.

Pre-Tetr10
, 31., -13 611

A
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,

Coal.

Attachment 3-11,

Location

Selected COal Analysis2

Volatile

Moisture Matter

Fixed
Carbon Ash Sulfur

Anthracite Lackawanna Co., PA 2.5 6.2 79.4 11.9 0.606,

-4

Ca
ft ,

Law-Vol. Bituminous McDowell Co., WV 1.0
,

16.2 77.3 5.1 0.74

1-4
t-a

High-Vol. Bituminous yestmorerand Co., PA 1.5
lf.7

56.6 11.2 1.82

Subbituminoui A Musselshell Co., MT 14.1 32.2 46.7 7.0 - k 0.43

Subbiturninous C Campbell sCo. , WY 31.0 31.4 4.8 0.55

Lignite A Mercer Co., ND 37.0 37.0 32.2 4.2 0.40

2 '`.;;

Reprinted with permlasion
of Babcock and Wilcox

5,

R..

/4

Highs

Heating
Value

12,925

14,715

13,325

11,140

8,320

7,255

I.

260

two



ANSWER SHEET for
0427 -- Combustion Evaluation

4110

Namet

Part I True-False Part II (continued)

1. T F

2. T F

3. .T F

4. T F

5. T F

6. T F

H. T F

9. T F

10. T F

t-

Part II Multiple Choice

1.abcd
2.abcd
3.abcd
4. b c d

5.abcd
6.abcd
7. a b, c d

8.0bcd
9. a b C d

10; bcd
11. a b c

12. a b c

13. a b c d

14. b c d

15. a b c d

16. a be d

17.abcd
18.abcd
19.abcd
20.abcd
21. a b d

A.

22.abcd
23.abcd
24.abcd
25.abcd

fart III Fill in the Blank

1.

2.

3.

4-a

5.a

6.a

Part IV oblems

Pre-lest 12

%.4

1.

2.

3.

4.

5.

ft3

ft3

.gal/hr

Btu/lb



.;

AM:M'FP SHEET for Post-Test
o427 Coltibuction Evaluation

Part I True-False

. T

.3.

e
9 . F

F

SCORE FOR PS6T-TEST

Part I (f -or,t inued)

11. a h d

18. a h

19. a b c

20.

21 . a

22. a b d

23. a I:0 c

24. a b d

25. CO b

Part III Pill in the Plank .

Pant YT- Multiple Choice

;

b c

a c

0 a
C Ci

. d

b c

8. a 0 c

9. a Qc i

10. a b d

11. a b d

12. c d

13. a 0 c d

14. a b, d

15. a b0
16. d

1.

2 .

rks 11,14Q Btuab

3.

r

.-. .1 M.,

4.a fixed carbOn/ ash

b volatile matter; moisture

5..a more fuel NOx

b use more excess .air

6.a limit SO3' NOX

rove efficiency

7. particulate ssions; also .

efficiency
41.

Part IV Problems

1. 80 .ft3

2. .620' ft3

-3. ,784 gal/hr

4. 3,620 -.Btu/lb
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#427 -- COMBUSTION EVALUATION IN AIR POLLUTION CONTROL

POST-TEST

Note: The entire test is closed book. Each answer is worth 2 points.
Enter all answers on the ANSWER SHEET provided.

Part I True-False

-Nbte: For each of the following statements, circle on the answer sheet
the letter T if the statement is True or the letter F if False.

1. T F

2. T F

3. T F

4. T F

5. T F

6. T F

7. T F

T F

9. T F

10. T F

The use of excess air to control furnace temperature always increases
thermal efficiency.

The difference between the gross and net heating values of a fuel
related t6 the exhaust gas temperature.

At equilibrium the temperature is always the adiabatic flame tem-
perature.

For best overall furnace performance, a gas flame should touch the
heat transfer surface (tube/water wall).

All chemical reactions are reversible to some exteht.

Direct-fiNed afterburners are no longer viable for controlling
gaseous emissions, due to the shortage and cost of natural gas.

The region of stable gas flame operation is affected by the'per-
centage of premixing.

If cracking of fuel oil droplets occurs, the flame will.change from
its normally yellow appearance to blue.

Lifting of flame zone can result when gas velocity exceeds the
flame propagation velocity.

Catalytic incineration operates at consiAerably lower temperatures
than direct-flame afterburners.

Part II Multiple .ClIpice

Note: There is only one "best answer." Circle the proper letter on the
answer sheet.

1. The emission factor for SO2 is 38 &rather than 40 S because

a smile sulfur is nOt burned
.b some sulfur converts to SO3
c some sulfur may be collected with particulates by'a precipitator
d all of the above

;.
Post-Test 1

31-17



2. The molecular weight of ethylene, C2N4, is 28,and the molecular weight of

ethyl alcohol, C2H5OH,is 46. The amount of air required for complete com-

bustion of 28 pounds of ethylene would be

a less than the Air required to burn 46 pounds of ethyl alcohol.

'the saMe as the air required to burn 46 pounds of ethyl

alcohol.
more than the air required to burn 46 pounds of ethyl alcohol.

3. The availafte heat from a combustion system is the

net heating value of the fuel' less the flue-gas losses.

gross heating value of the fuel less the heat content-Of com-

bustion products at the adiabatic flame temperature.
gross heating value of the fuel plus the heat content of input

fuel and air,less the flue gas losses.

4. The hi4ller heating value is not equivalent to ,the

a gross heat of combustion.
b net heat of combustion.

c gross calorific value.
d total heat of combustion.

4

5. CO2 is an important parameter in combustion.control because CO2 is an

indication of
4.

a high combustion temperature.
b excess air.
c fuel burned.
d dissociation.

6. TWo-stage combustion may be accomplished by

\"-1---..

a turning up the primary air.

b providing overfire air ports.

c lean combustion followed by rich combustion.

fl increasing the undeifire air.

7. Concentration stantiards may be expressed in

a pg/m3.
b ton/hr.
c million Btu/hr.

d kg/hx. '?

B. An air preheater has the following effect on a combustion system

a decreases efficiency.

b increases efficiency.
c requires more fuel.,
d produces. less. NOx.

Post-Test 2



9. The Arrhenius equation permits the calculation of
st,

a the efficiency oft catalyst as a function of its surface.

b the effect of temperature on the reaction rate.

c utilization of stoichiometric air.

10. Temperature and residence time requirements for toxic chemicals (such as

pesticides) in comparison to those for hydrocarbons of similar structure

are

a approximately the same.

b considerably higher due
nitrogen atoms.

c considerably higher due
efficiencies for safety

to the presence

to the 'need for

reasons.

of chlorine and

higher destruction

11. Thermal incineration of combustible gaseous pollutants in low concentra-

tions requires acombination of temperatures and residence times which,

typically for hydrocarbon solvents, are

a 500 to 1,000°F for 0.2 to 0.4 sec.

b 1,600°F for 1 to 2 sec.

c 1,200 to 1,4000F for 0.3 to 0.5 sec.

12. The proper equation to be used in correcting emissions to a 50% excess air

basis is

a Fiat% 1

F50 = 1

1.5 02p - 0.75 COp

.21

1.5 02p -'0.133 N2p - 0.75 COp

. 0.21

F
(02p - 0.5 COp) x 100%

0.264 N2p - (02p - 0.5 COp)

13. The proper equation for determining6the excess air from a flue gas orsat

analysis is

%EA 22

b %EA me

0.264 N2p - (02p 0.5 COO

0.21 -

0 15

2

(02p - 0.5 C0p) x 100%

CO2p
%EA -

0.12

.Post-Test

31,t1.9



14. A continuous source of ignition for oil firing is

a mre critical than for gas-fired units.

b generally an electrode fqF a utility boiler.

c generally an electrode figr domestic units.

d generally a pilot light for residential units.'

15. Vanadium in fuel oil influences corrosion

a of nozzles by forming A fuel acid.
b by acting as a catalyst to shift NO2 to NO3. .

c by acting as a catalyst to shift SO2 to SO3.
d changing the dew point.

16. More auxiliary fuel in the afterburner of a controlled-air incinerator is

usually needed if the gas temperatures are

a below 2,100°F.
b below 1,700°F.
c below 1,500°F.
d above 1,7000F.

17. le ash fusion temperaturecf coal
-

a is important when bonsiderilig-burning in a pulverized form.

b should be low enough to forml a good cake.

c indicates the potential oflotming clinkers or slag.

d is' lower than the ash-softening temperature.
2

18. An increase in a solid fuel's volatile matter

a requires an increase of overfire air in.stoker-fired systems.

b increases the tendency to smoke.
c implies.a decrease in the solid 'fuel's residence time require-

ments.

1 d all pf the above

19. A pulverized-coal furnace burning eastern-coal would typically have a CO2

level around

a 5 to.10%.
b 3 .;t.o 5%.

c 20 to 25%.
d 13 to 15%.

20. Thermal efficiency is generally improved with

a less excess air than at the smoke limit.

b flue gas recirculatibn.
c redUced coMbuStion air.preheat.
d more excess air than at th, smoke limit,

Post -Twit 4
31-20



, 21. "Lowest practical 02"

a is lower than the "minimum 02' "

b provides for an operating margin below the smoke limit.

c results in less smoke than at "minimum 0."
d results-in more NOR emissions than at "minimum 02."

22. "Thermal NOR" and "Fuel NOR" have similarities because

a the formation of each is directly related to temperature.

b the formation of each is inversely related to temperature.
c excess air is an effective control technique for each.

-a flue gas recirculation is an effective control techniquel)

for each.

23. A rotary-cup burner unit generally has greater particulate emissions than

a mechanical atomizer unit because the

a viscosity is too high.

b drop sizes are too large.

c residence time is too long.
cr the cup's edge is chippea.

24. Atomization size and pattern shape are

a influenced only by oil pressure.
b maintained by.daily. repacement of old nozzles with new nozzles

on oil-fired utility units.
maintained by cleaning nozzles each shift on oil-fired utility

units.
d are about the same for all nozzles sold for residential units_.

in theUSA.
:

25. What IA the maximum sulfur content for a 12°API fuel oil yhich ivust meet

a 0.80 lb S02/106 Btu standard?

Part III

a .75%.

b 1.50%.

c 1.00%.

d 6.15%.

Fill in the Blanks

1. 431.ve a representative higher heating valUe for a wes4ern subbituminous

coal: ,0 Btu/lb.

2. Give a representative value for the total heat of combustion for a No. 2

fuel oil: Btu/gal.

3. Give a representative moisture value'for a typical eastern-anthracite

coal: %.

4 Post-Test 5
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0

4. List two components in the proximate analysis: a

5. List two reasons why NOx control from coal-fired boilers is more difficult

.
than from similar oil or gas Units:

a

6. Most larger furnaces burning fuel oil limit the excess air to around

2 to 5%, rather than 10 to 20% because of:

a

4-

7. Reinjection of fly ash from stoker-fired units increases the

Pt.1:t IV Problems

1. .A certain mass of hydrogen occupies 100 ft3 at 600F.and 1 atm. pressure.

The temperature and pressure of the gas are increased to 5800F and 2.5 atm.

Kat is the volume of hydrogen at the new condition? ft3.

2. For typical municipal solid waste having an as-fired heating value of

6,203'Btu/lb, calculate the furnace volume required per ton of waste per

hour if a reasonable design is 20,000 Btu/hr ft3: ft3.

3. If the energy output needed is 100 x 106 Btu/hr, calculate the oir-firing

rate if the thermal efficiency is 85%, the heating value is 150,000 Btu/gal:

.

gal/hr.

1

4. If-western hemlock has a dry heating value of 8,600 Btu/lb, calculate the

as-fired heating value if the moisture as-fired is 57.9%: Btu/lb.

5. A spreader, stoker-fired furnace burns coal at a rate of 100 ton/hr. The

coal has a gross heating value of 26,000,000 Btu/ton and a'10% ash content.

Calculate the fly ash collector efficIency required to meet the Federal

particulate emission standard of 0.1 pounds per million Btd. Note the

uncontrolled emission factor fdr.a spreader stoker is 13A (lbs/ton),

where A.is-the percent of ash in the coal:

Post-Test 6
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Attachment 3-1, Analyses of Samples of Natural Gas2

Sample, No.
Source of Cu

1

Pa.
2

So. Cal.
3

Oldo
4

La.
5

Okla.

Analyses
Constituents, % by vol

112 Ilydrogen ,-7 1.82 --
CII4 Methane 83.40 84.00 0113 00.00 84.10
CAI4 Ethykno - - 0.25 - 7--
C2116 Ethane 15.80 14.80 - 5.00 6.70
CO Carbon ononoxkle - - 0.45
CO2 Carbon dioxide - 0.70 0.22 0.80
N2 Nitrogen 0.80 0.50 3.40 5(W) 8.40
02 Oxygen ...._ 0.35 . -, -
US Hydrogen sulfide . - - 0.18 -

1)y xvt !

S Sulfur 0.34 ^
ll Ilydrogeo 23.53 23.30 23.20 2168 20.85
C :arbon 75.25 74.72 69.12 M.26 01.84
N., N i (town 1.22 0.70 5.76. 8.00 12.90
02 Oxyget.) 1.22 1.58 1.41

Specifie gravity (rel to air) 0.6:16 0.0f16 0.567 0. 000 0.030
11 iglier 1 wi.lt va hie

Btu/en ft rir 601.- ik 30 in. lig 1,129 1,110 964 1,002 974
Bbil)b of fuel 23,170 22,904 22,077 21,824 20,100

Reprinted with ermif3s12n 2f

Babcock.E. Wilcox

"1
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Attachment-3-3, DctailkA Requirements f.17- Fuel Oils1

Offsis et t.:41

Fles1,
Point,
.9

Mn

Poor
Point.

F

weft, Cri.
nd fleshly.

Se 41tnent. on 10
pr tont per lent

by 141.1.0.1
plums Pet cnt

MO,

A &stately c.,1;ntended lot vapor 00 or 0 110fil

!1:110.10,, rquif.011 this grad of Ai(
) 111041 'Y..* bufnors and *the, legal

A disttfloteesa far genet& purpose KV or 20' 0.10 0.35 610' 540' 37 93 32.6 13.61' 12.01* 300 1:40

t not Istgoring No.1 furl oll J1 1

1

CIPTZNs. 2 dowest.c inswing for use in Issmnsits Ispol

126.41
.

An od tor ..burov installattons noll 130 or 20 : JV 0.10 125 43

i Dial lldtn Kifweattstels VIstesity,
lesnetesetswee, loylbelt Visa, Ole. sec I

Ash,
lenitalosbess

f I .

teor rent -._ .

ay ! .
...pt.,

w11ht .,,,,,,,, 90 p., cnt UnIy r so! u1 NMI 01 1 Al 100 9 1 At 1 27 V

F0,,.. 0.0.10 100 I 127 9 1

Osov Copp*.
Steep

Coews
API MOO

Moe Mos M. Moe M.n Mo htin Ma Min Mina Mtn rot N., #
0.1'5 40 550 2.2 1,4 35 94s. 3

No. 4 ivloPod with preheating Iota. lopol I

Ores . 1

.4 I
!

I

i 1 !
1

I it
Ii 1 CW15

i I

IA roticluo1199* olt lot bytner in.1 110or I
1

1

1.00 1

1

i 0.10
1

I 150 40
i CZ1

1

!

14.. 3 oteltattonsioutpped With pfehat legal
imp fic.I.I.nt

I
i

132.1) 1111

*IC
,..

' i
, I

1

I I 1
1

I

104014

, An Oa Tor %MD in bustlers au,poed t I
1 300 43 I 1630i .(92)

Ho. 6 with pratleatrt perrhalt;na,a h:gh. 130 ;

1.1sconly lurrl

2.00/ t ',..>111

I

ltiorz7V
r

1 Illocogniling ,tte necessity for low sulfur fuel oils usd n connettton, ....O. 401 treot-,ent nonfertous metpl, gloss,.ond fransic turnoffs% and other ipeChel eves, a sulfur ,equiriliseent may ibe.spoicis

' 11111pmq

,

.... ..... . '.' .

4
S.

Sultvt, may pit vont
. 0.4

1.0

no'llnill

.41: tti rniI:
tin

6ed in actoadonte with rhe Itowtng sable.

Gtode of Fuel Oil
No. I
114o. 2

No. 4

No. 5

No. 6

OtNer tofu, owit% may .1se.sooti6ed only btimulvai aptSiment between the purchase! ond the sitIlitr.

*II Is M. intent of these clossincotions Mot I oilut to 0,1 00y '11(10110,001 o weer rode dee; not auffamaticoily plot* on oit in 1/1. nest leveret rade widoti an fact It Steele oil .#euirissents

tif fast lower grade.
. Lower Of hill11111}Y1 poirdt moy bts %writhed whoneteir requited by Conditions of stosagt or use. However, these specifications shall not requlso a pour point lowr thon 0 9 under ony tond,tions.

d TM 10 per tont dts1,11alion temperature point n.ay be spciified of AO 9 0.0111.,.0171 for use in {krt.*r than otoinizIng burners.

.When pour Paint Ism than 0 Is specifiect: N. minimum viscosity shalt be LI es (32.0 .sef, Soyooll Universal) ana the minimum, 90 per cent Dowd shaft be waitSod.

The ensPent of wol,. by distillation Plus the todirnent.h, toItiChilA Onal( not .<1 2,00 prt cnnl. The amount of sediment by syeetien shelf not nciod 0.30 per sent. A dedottien it *wands*

shall he mod* for all woret and sediment in se161 of 1 0 per tens,

Mt Ow owns lof AlsIno. Athens, Cryllfornle, Wel*, Nosed., Orgon, Wish nd WiAsnipan. nOnunurn 01.21 (1 API parenisliblo

ikeprinted with-permission

.of Combustion Engineering

N

(C.
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JEST COPY AVAILABLE

Artachme3-4,- IVW.#1 Analyset and Propertaies pf Fuel
a

Oi1 S1

Oradea

hp*

I
.4

1..' i.r504r. .11 ' No 1
4..:4'N! Fu.I OW Fvel OH

'

1? isl.')'
. DIti1Inte,

't "(kevosen.) - divot.
coo; Air
API 9,0.4. F

grar4v,10' ,F

lb par 1.1 S Ed.W&H, 60 f
190.

Soybolt Univ. , 101 f
. Saybolt Fvrol, 127 F

l'our point, -f
Temp punip.ngi
Temp, lel atomizing% F
Corbon fetid.. per cent
S;dlo.. pin iriiI
Orgen ond n.rrogen,. per tent
Hydrogen. per cent
Corbon, per tint
SetliAinint,ond watr. pin trl.
Ash. per ceit
Sty per:gpllon

40
i211

6 570
1 6

31

Solo.4 '1440
I.Atmosphetie

'I, 0 *4 ..70
- 7 206.

2.411

Solar- 710..0
AlanolVr it

Atmospgezie --Arenolpheye
Taw*
0 4:1.4 i) 7
.0 2
132 =

06 ). 16
bin* :.,Trato
Irocie . ircsat

137.000 r 1.41,000

fe 4
'11,coe1 Oil

No, I
feel 011

Vf y 1..g4T I nelt

flInck 4.s IInI
Tit?

.9 9279 0 9529
r 7727 7 935

15 0 50 0
77 232

10 JO

15 min 35 min.
25 min 130

2 5- 5 0
04I 2 0 mcs

0 Alt 0 70
11 9 11.7

Is lo es SS

0 5 Man 1 0 man
0 02 0 05

116000 1.403300

N. 6
OH

Itesoclual

Olock
. .

12

0 9161
0 212
360 0

I - 170
65

100

260
12 0

2 I mo..
0 92
10.5 ,

05.70 o

0 ro
0.01

1513.04$

Tzhnizal information froin fiumbit 'Oil I Rfining ComPane

,

Reprinted with. permiSsipn.
...Combustion Enwitieer-log:
..t 4
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,'11

,
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BEST COPY AVAILABLE

A: r achmot 3-5 , Gravities , bens i ti , and s c)t- condmeit ion 01

Of

l'"..-.."

FAwl

.VAI 111 1, I OR 10 10 1)11. INfl 11',IV I I Pfilt111 I) 1 imm IIIIP1 Ill Of SI ANDAPDS

MISC I I I_ ANI 005 PURI I( Al ION NO. ,97 "1 HI U I II OF UI Itt-1.41 UM PROOIK,

GRAYITY AT
4160/60 F

DUG SPECII IC
API 'GRAVII

5

6

9

10

11

12

14

1 o

1,

2.1

24

25
26
.27

211

29

30
31

32

33

34

35
3f,

37

38

".40

41

.12*

43

44
45.

47

49

.

1.0366
1.0291

1.0217

1.0143
1.0071
1.0000
0.9930
0. (1861

U. 97 9 2.

0. ce;23
0. 96yi
0.95'13
0.9529
0.9465
U. 9.102
0. 03 tO
0.9'279
0.9218
O. 01:,.0
0.9100
0.9042
0.8984
0.8047
0.11871

N11816
0.870.2,

0.8708
U, 8651
0.0602

.0.1155C

0.8498'

0,844)1

0,8398

0.8348

00. 1133214

.0.8203
1):8155

0.8109
0.8063
0.8017
'0.7972

-0.7881
0,1839

.

DENSITY
AT 60 F

LI.t PLR

8143
580

8. 518
8. 457
8.397
8.337
8.279
8.221
c , 164

at3 05:;
. )8

. 914
.7.. 891

44 7.839
7.781

.730

. n86
7 . 636
7.587

7.538
7 . 190

7-413
7.3'4)

7.305.
-; .200
7. 213
7.171

7.128
-7.083

7.04;1

(1..q20

A.879
6.1139
6.7"q
6,70
6.722
6.684
0.646
6.609

. 572

.-53b

TOTAL HI Al OI COMBUSTION
(At Cowstivit VoIuMe)

BTU BlU PEW
GAL

PtEt Al tO

18,250
18,330
18,390

18,440.
18,490

18,540
18,590

18,610
18,690

18,740
18,790

18,840

18,890
18,930

18,980
19,020
19,060
19,110
19,150
19,190
19,230

19427Q
19,310
19,350
19,380

19,420
19,450
19,490

19,526
19,560
19,590

19,620
19,650
19;680

19,720

19,750
1-9,780

19,810
19,830.

19,860
19,890'\
49,920
19,910

19,970
20,000

157,700
157,300
156;600
155,000

155,300
151,600
1531900

153,300
152,600

152,000
151,300

150,700

1.50,000
1.49,400

0441,800
n, (k)

147,500
146, 800
140,200
,145,600
1,.,15,000

144,300
141,700
143,100
1442,500

141,800
141,200 '
140,1,00
140,000
13", 400
138,800
138,2(I0
137,61)0
137,000
.136,400

135,800
135,200
134,7.00'

134,100,
13;1,500.

132,900
.432 ,.400

131,900'

131-,
130,700

r)

P6st-Test
31-26

CAI PI It 1.

r

10,140
10. 110)
10,210
10,240
10,270
10; :ow
10,311)
10,30o
10,300
10,410
10,1 81
10,4;0

4.

10,510
10;570
10;590

, 10,62o
10, too

J 0, 600.,
10,6V0
10,710
10,710 lk)
10,7,0!!
10, 770 .

10, 70(:
10, 81!(o

31.)

40,8.
10,860
10,88n
10, ciou
10, 0.'.0
10, 040
10, ,,56

-10,970-
10,5)1..4,0

11,000
11, 020

03o
11, ow
11,1110

11,080

11000
11,11u

_ -

NET HF AT OF COMBUSTION
(At Cotsaltml 0u/time)- _

BTO PLR
GAL CAL F'f,R C.

AT 60 F
Rill PER I

"17,290
17,340
17,390

17,440

17,4904k
17,540
17,580

17,620
17,670

17,710,,

17,750
17,790

A7,820
PAO
17,900

17,930
17,900
18,000
18,030
18,070

18i100

18,130
18,160
18,190
18,220

48,250
18,28o

10;310
18,330
18,360
18,390
18,410
18,43U

18,

18,44;0

18,510
18,530

15,560

)8,600
18,620
18,640
)8,660

18,680
18,700

149,400
148,800
M., 100
147,500
1.16 ,(700

146,200
145,600
144,000
111,200
143 , 000
142,900
142,366

1.11,600

140,900

140, :i0o
139,,,00

139:pu0
138, ,30t)

137,70'0
117,100
130,100

1 9,610
9,00
9 67U
9,700
9,720
9,710
9,770
9,790
0 MO
9 ,8-10

9, tv,0

880

9,000'
9,620
9,910

' Q.110,

104,000

111,1) 1(1

10,0.)0
135,800 . 10,070

)35,200 10,090.

134 600 :0,110

133, goo
133,30o
.132,700
132,.100
131,560
130, "00

;too
129,':"00
129,100

128,500
127,900

127,300
126,700

126,200
Ar.'5,,600

125,000
121,100
123.900
123,300
122,800
122,200

10,120

10:141)

10,150
10,170

10, HA)
10,200
10,210
10,230
10,2.10

10.,200
I 10

10,280
10,300
10,310

01,12,0

10-, W..,
10,360
10,370
10 , to

.18,390

4?
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Attachment 3-11", Selected Coal Analysis2

Coal Location Moisture
Volatile
Matter

Fixed
Carbon Ash Sulfur()

High
Heating
Value

t

0 Anthracite Lackawanna,Co., PA 2.5 6.2 79.4 11.9 0.60 12,925_
rt

g
Low-Vol. Bituminous McDowell Co., WV 1.0 16.2 77.3 5.1 0.74 14,715

'High-Vol. Bituminous Westmoideland Co., PA 1.5 30:7 56.6 11.2 1.82 13,35

.Subbituilinous A . Musselshell-Co., MT 14.1 32.2 46.7 7.0 0.43 11,149

'

Subbituminous C' Campbelreeo.-, WY 31.0 31.4 32.8 4.8 0.55 8,320

Ligni,te A Mercer Co., ND 37.0 37.0, 32.2 4.2 0.40 7 255

BEST COPY AVAILABLE

Reprinted with permfssion
ot Babcock'ar0 Wilcox
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ANSWER SHEET for Name:

#427 - Combustion Evaluation

Part I True-False Part II (continued)

1. 7 17.abcd
4

2. T F 18.abcd

3. T F 19.abcd

4. T F 20.abcd

5. T F 21.abcd
0

6. T F 22. a b

7. T r 23. a b

A. T F 24. a b c d

. T F 25.abcd
10 T Part III Fill in the Wad

1.

-c d 2.

Part TI Multiple Choice

2. b cd

1. a b. c d

4. a b. c d
4

5. a b

6. a b

. 7. abcd
8. a bcd
9. a bcd

10. a b -d d

11.

12. a, b.

13. a b c d.

14, A b fc d

.15. a b c d

3.

4.a

5.a

6.a

A

A

:Part IV PrOblem?

--1.

yr ,

ft3

4. ,..

5.
.1Rolgt -Test 12

-31r28

ft?

gal/hr

Btu/lb
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